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In this thesis we study properties of transition metal oxide heterostructures and
superlattices, including electronic structures, optical responses, and metal-insulator
transitions.
We start with a general discussion of the properties of transition metal oxides,
primarily ABO3 (A: rare earth ion, B: transition metal, O:oxygen) perovskites. We
introduce the effect of A-site substitution on the electronic and magnetic properties in
bulk perovskites, followed by the basic properties of oxide heterostructures and super-
lattices composed of two different ABO3 perovskites focusing on the metal insulator
transitions and properties of the interface electron gas.
Next, we present calculations of the charge density profile, subband occupancy
and ellipsometry spectra of the electron gas at the LaAlO3/SrTiO3 interface. The
calculations employ self-consistent Hartree and random phase approximations. We
discuss the dependence of spatial structure and subband occupancy on the magni-
tude of the polarization charge at the interface and spatial structure of the dielectric
constant. The response to applied AC electric fields is calculated and the results are
presented in terms of the ellipsometry angles. Our results show a dip in the ellip-
sometry spectrum near the longitudinal optic phonon frequency of the SrTiO3 and a
peak at higher energy, which are related to the in-plane Drude response and the out-
of-plane plasmon excitation, respectively. The relation of the features to the subband
occupancies and the in-plane conductivities is given.
We conclude with the study of thickness dependent metal-insulator transitions
in superlattices composed of Mott insulating GdTiO3 and band insulating SrTiO3
using a first-principles GGA+U method. The structural and metal-insulator phase
diagrams with respect to the number of unit cells, n, of SrTiO3 and on-site correlation
U are presented, showing that there are two different insulating phases for n > 1 and
n = 1. For superlattices with n > 1 the insulating phase involves both charge
and orbital ordering with associated structures in Ti-O bond lengths but for n =
1 superlattices, we find an insulating phase driven by orbital ordering within the
quasi one-dimensional bonding bands across the SrO layer. The inconsistencies with
experiment suggests the importance of the many-body correlations.
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1.1 Transition metal oxides
Transition metal oxides (TMOs) are a class of materials composed of transition
metals and oxygen atoms. In many TMOs the states close to the Fermi energy or
those in valence bands are mostly d-derived states having strong Coulomb interaction
due to the narrow spatial distribution. This strong Coulomb interaction can be
parameterized by the ratio of the on-site Coulomb interaction U to the bandwidth of
frontier orbitals W of d orbitals. When U/W is small, we expect the usual metallic or
band-insulating ground state, depending on the band filling. In the other extreme of
U/W  1, electron hopping is greatly suppressed and in the lowest order the magnetic
excitations are dominated by the exchange interaction [Anderson (1959)]. When U
is comparable with W , the ground state of the system is sensitive to small changes
in the ratio U/W and to doping, showing a variety of properties including high Curie
temperature magnetism, metal-insulator transitions (MITs), spin and orbital order,
and superconductivity [Imada et al. (1998); Tokura and Nagaosa (2000)].
In this thesis we focus on ABO3 perovskite oxides composed of a rare earth atom
(A), a transition metal (B), and an oxygen atom (O). Each transition metal ion is
surrounded by an octahedral cage consisting of six oxygen atoms. The A-site atoms fill
the space in between oxygen octahedra as described in Fig. 1.1. The whole structure
can be seen as alternating AO and BO2 planes. With the multiple of oxidation states
1. Introduction 2
A B O
Figure 1.1: An example of an atomic structure of ABO3 perovskite oxide.
The right panel is the top view of the atomic structure. The A is the symbol
for a rare earth ion, B for a transition metal, and O for an oxygen atom.
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of transitional metals, a wide range of compounds exists where the rare earth atom
becomes ionized with a closed shell of valence electrons. Therefore, the A-site atom
does not directly contribute to the electronic structures, which is mainly determined
by the covalent bonding between transition metal cations and oxygen atoms. However,
since many ABO3 perovskites are in the regime of U ∼ W , substituting the A-site
cation has an effective control over the ground state properties by modulating the
bandwidth and band filling.
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(a) Phase diagram showing the diversity of electronic and magnetic phases accessible in the La1!xSrxMnO3 solid solution. (After
Reference 41.) PM-I, PM-M, FM-I, FM-M, AFM-M, and C-I denote paramagnetic insulator, paramagnetic metal, ferromagnetic
insulator, ferromagnetic metal, antiferromagnetic metal, and spin-canted insulator states. TC and TN are the Curie and Néel temper-
atures, respectively. (b–d) Interface phenomena in manganite heterostructures: (b) Charge transfer at the interface between two
insulating antiferromagnets [LaMnO3 (LMO) and SrMnO3 (SMO)] leads to localized ferromagnetic ordering (43). (Reprinted with
permission from Reference 42. Copyright 2008 by the American Physical Society.) (c) In addition, the interface breaks inversion
symmetry and, hence, can be polar; in this case, an electrical dipole is generated by the charge transfer. In an LMO/SMO superlattice,
the dipoles at neighboring interfaces point in opposite directions, restoring macroscopic inversion symmetry. To preserve the polar
nature of the structure, a three-component superlattice can be fabricated. (Adapted from Reference 44, with permission from Elsevier.
Copyright 2007.) (d) The ferromagnetism is confined to within 1–3 unit cells of the interfaces and forces the AFM order in the LMO to














































































Figure 1.2: Phase diagram of La1−xSrxMnO3. PM-I, PM-M, and C-I de-
note paramagnetic insulator, paramagnetic metal, and spin-canted insulating
states, respectively. FM-I, FM-M, and AFM-M represent ferromagnetic insu-
lator, ferromagnetic metal, and antiferromagnetic metal, respectively. From
Zubko et al. (2011).
An important role of the A-site atom is providing charge carriers to the B-O
complex. Assuming that the ionic charge of the A-site atom is y, simple valence
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counting estimates that transition metal atom is in an oxidation state B+6−y. This
means that there are 4−y less electrons in the d-shell of the B atom, since the outmost
s-shell of the transition metal cation has two electrons. For example, LaMnO3 has
four electrons in the d-shell since the electron configuration of La is [Xr]5d15s2 and
that of Mn is [Ar]3d54s2. By combining various A-site elements we can change the
filling of the d-derived bands and dramatically change the ground state properties of
the TMO. For example, Sr doped lanthanum manganite, La1−xSrxMnO3, has 4 − x
electrons per each Mn cation from the ionic charge state of Sr2+. As seen in Fig. 1.2
various magnetic phases are reported by changing Sr content.
Therefore alloying of the transition-metal cations should
be avoided for W control, and the solid solution in other
chemical sites is usually attempted. One of the best-
known examples of this W control is the case of
NiS22xSex crystals (Wilson, 1985). The schematic metal-
insulator phase diagram for NiS22xSex is shown in Fig.
60 (see Sec. IV.A.2 for the details and references). The
parent compound NiS2 is a charge-transfer insulator
with the charge gap between the Ni 3d-like state (upper
Hubbard band) and the S2 2p band. The partial substi-
tution of Se on the S site enlarges the amalgamated 2p
band and increases d-p hybridization. Around x50.6
the mixed crystal NiS22xSex undergoes the insulator-
metal transition at room temperature. At low tempera-
tures, the antiferromagnetic metal (AFM) state exists in
between the Pauli paramagnetic metal (PM) and antifer-
romagnetic insulator phase. It has been confirmed that
an application of hydrostatic pressure near the
AFM-PM phase boundary reproduces a change in the
transport properties like that observed in the case of x
control, indicating a nearly identical role of pressure and
compositional control.
Another useful method of W control for a perovskite-
type compound (ABO3, see Fig. 61) is modification of
the ionic radius of the A site. The lattice distortion of
the perovskite ABO3 is governed by the so-called toler-




Here, ri (i5A , B, or O) represents the ionic size of each
element. When f is close to 1, the cubic perovskite struc-
ture is realized, as shown in Fig. 62. As rA or equiva-
lently f decreases, the lattice structure transforms to
rhombohedral and then to orthorhombic (GdFeO3-type)
structure (Fig. 61), in which the B-O-B bond is bent and
the angle is deviated from 180°. In the case of the ortho-
rhombic lattice (the so-called GdFeO3-type lattice), the
bond angle (u) varies continuously with f (Marezio et al.,
1970; MacLean et al., 1979), as shown in Fig. 62, nearly
irrespective of the species of A and B . The bond angle
distortion decreases the one-electron bandwidth W ,
since the effective d electron transfer interaction be-
tween the neighboring B sites is governed by the super-
transfer process via the O 2p state. For example, let us
consider the hybridization between the 3d eg state and
th 2p s state in a GdFeO3-type latti e composed f the
quasi-right BO6 octahedral tilting alternatively (see Fig.
61). In the strong-ligand-field approximation, the p-d
transfer interaction tpd is scaled as tpd
0 cos(p2u), where
FIG. 60. Phase diagram of NiS22xSex in the plane of tempera-
ture and x (Czjzek et al., 1976; Wilson and Pitt, 1971).
FIG. 61. Orthorhombically distorted perovskite (GdFeO3-
type) structure.
FIG. 62. The metal-oxygen-metal bond angles in an ortho-
rhombically distorted perovskite (GdFeO3-type) as a function
of tolerance factor.
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FIG. I. (u) The resistivity of Lu-, Pr-, Nd-, and SmNi03
showing their insulator-metal transitions [after Lacorre et al.
(Ref. 13)]; (b) the temperature dependence of the unit-cell
volume for Pr-, Nd-, and SmNi03 showing the extra contraction
occurring upon entering the metallic state [after Garcia-Munoz
eral. (Ref. I5)]; and (c) the paramagnetic fraction as deter-
mined from muon -spin-rotation experiments, which drops sud-
denly at the antiferromagnetic ordering temperature.
ln order to st dy the relation between the magnetic-
ordering temperatures and the insulator-metal transition,
we have carried out positive muon-spin relaxation
(@+SR)experiments at TRIUMF on several members of
this series. From these experiments, one can determine'
the volume fraction of the sample that is paramagnetic,
wh h is show as a function of temperature in Fig. 1(c)
for the Pr, Nd, Sm, and Eu compounds. (The large back-
ground for EuNi03 occurred because the small sample al-
lowed -40% of the muon beam to be stopped in the sub-
strate. ) Similar data are obtained for the solid solutions.
The initial drop in the paramagnetic fraction measures the
antiferromagnetic ordering temperature, TN. The temper-
atures' (135 and 195 K) found for the Pr and Nd com-
pounds are in excellent agreement with those from con-
ductivity' and neutron measurements of the change in
lattice constants. ' ' In sharp contrast, the antiferromag-
n tic transi io temperatures (225 and 205 K) found for
the Srn and Eu compounds are dramatically lower than
those found (at 400 and 480 K) for their respective
insulator-metal transitions.
The general phase diagram for the series RNi03 is
500 1.00
















FIG. 2. Insulator-metal-antiferromagnetic phase diagram for
RNiO& as a function of the tolerance factor and (equivalently)
the ionic radius of the rare earth (R).
shown in Fig. 2, where the observed transition tempera-
tures are plotted as a function of the tolerance factor, t,
where t —= (dR o)/J2(dN; o). As discussed below, the
variation of t in Fig. 2 for the series RNi03 is caused by
changes in the size of the rare-earth ion: increasing size
gives rise to increasing t. Concentrating first on the con-
ductivity behavior, the insulator-metal transition tempera-
tures found by Lacorre etal. ' are shown as large open
squares in Fig. 2, along with the data point (large trian-
gle) for metallic'' LaNi03. The data reported here for
EuNi03 and the solid solutions Sml —,Nd, Ni03 and
Ndi —„La„Ni03 are plotted as the large open circles in
Fig. 2. The data for the solid solution Prl —,La, Ni03
(not shown) fall near the same curve. The magnetic tran-
sitions from p+SR measurements are also plotted in Fig.
2 as the small solid circles, together with earlier ' ' data.
It is evident from Fig. 2 that the transitions observed in
RNi03 form a coherent pattern as a function of the toler-
ance factor (t). These transitions separate three distinct
regimes: an antiferromagnetic insulator, a paramagnetic
insulator, and a metal. These three regimes of this ma-
terials system are all found in SmNi03, for example. At
room temperature, it is a paramagnetic insulator, but
loses its paramagnetism below 225 K [Fig. 1(c)] as it
enters the antiferromagnetic phase. ' Above 400 K it
loses its insulating character [Fig. 1(a)l as it crosses the
insulator-metal transition into the metallic phase. At low
temperatures, the Ni spins in NdNi03 (and PrNi03) are
also antiferromagnetically ordered, but with increasing
temperature this order disappears before the expected Tiv
because the electrons become delocalized at the (low)
insulator-metal transition. The insulating and metallic re-
gimes in Fig. 2 are eparated by a ll-defined boundary
or transition, the temperature of which decreases almost
linearly with t (or rare-earth radius). On the other hand,
the magnetic-phase boundary rises as t increases, until it
reaches the insulator-metal transition, beyond which the
antiferromagnetic order appears not to persist.
The GdFe03 structure of the RNi03 compounds "is
shown schematically in the inset of Fig. 2. Regular Ni06
(a) (b)
Figure 1.3: ( ) B-O-B bo d angles in GdFeO3 type perovskites as a function
of tolerance factor. From Imada et al. (1998). (b) Metal-insulator transition
for ANiO3 as a function of the tolerance factor and ionic radius of A-site
atom. From Torrance et al. (1992).
Isovalent substitution of the A-site atoms with different ionic radii gives bandwidth
control by applying effective pressure [Canfield et al. (1993); Obradors et al. (1993)].
This, in turn, changes the transfer integral between transition metal d and oxygen p
orbitals since the B-O-B bond angle is sensitive to the radius of the A-cation. As the
ionic radius of the A-site atom increases, the B-O-B bond angle becomes closer to
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180◦, increasing p-d hopping. A parameter that estimates the bond angle is tolerance
factor defined as rA+rO√
2(rB+rO)
where ri (i =A,B,O) denotes the ionic radius of each
element. Fig. 1.3 shows the proportionality between bond angle and tolerance factor
and a metal-insulator phase diagram of ANiO3 as a function of the tolerance factor.
The insulator to metal transition occurs as the tolerance factor increases by effectively
decreasing the ratio U/W .
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the clarification, we show that LaTiO3 and related com-
pounds are, in reality, a good prototype of the single-
band Hubbard model on a cubic lattice.
The crystal structure of RTiO3 is a pseudocubic per-
ovskite with an orthorhombic distortion (GdFeO3-type
distortion) in which the TiO6 octahedra forming the per-
ovskite lattice tilt alternatingly. Note that, as a first ap-
proximation, the cubic TiO6 octahedra are not atom-
ically distorted with this distortion. In this structure,
the unit cell contains four TiO6 octahedra (sites 1-4) as
shown in Fig. 1. The magnitude of the distortion depends
on the ionic radii of the R ions. With a small ionic radius
of the R ion, the lattice structure is more distorted and
the Ti-O-Ti bond angle is decreased more significantly
from 180◦. For example, in LaTiO3, the bond angle is
157◦ (ab-plane) and 156◦ (c-axis), but 144◦ (ab-plane)
and 140◦ (c-axis) in YTiO3.11) The ionic radii of La and
Y ions are 1.17 Å and 1.04 Å, respectively. Here, we note
that the magnitude of the distortion can also be con-
trolled by using solid-solution systems. For example, by
varying the Y concentration in La1−xYxTiO3, we can
control the bond angle almost continuously from 157◦
(x=0) to 140◦ (x=1). In the perovskite titanates, this
bond angle distortion controls the interplay of the or-
bital, spin and lattice degrees of freedom, and the system
shows various orbital-spin phases and their phase transi-
tions due to their interplay. It is widely recognized that
the bond angle primarily controls the electron transfers
between the neighboring Ti t2g orbitals mediated by the
O 2p orbitals, thereby reduces the t2g bandwidth with
decreasing bond angle. In this paper, we will show that
the tilting plays another crucial role in determining the
electronic structures.
Recently, a magnetic phase diagram in the plane of
temperature and the magnitude of this distortion was
obtained experimentally for RTiO3, which exhibits an
antiferromagnetic (AFM)-to-ferromagnetic (FM) phase
transition (see Fig. 2 upper panel).12, 13) LaTiO3 with
the smallest distortion shows a G-type AFM (AFM(G))
ground state, in which spins are aligned antiferromagnet-
ically in all x, y and z directions as shown in the inset
of the upper panel of Fig. 2. The magnetic moment is
0.45 µB,
14) which is reduced from spin-1/2 moment. The
Néel temperature (TN) is about 130 K. With increas-
ing GdFeO3-type distortion, TN decreases and is strongly
depressed at SmTiO3, subsequently a FM ordering ap-
pears. In the significantly distorted compounds such as
GdTiO3 and YTiO3, a FM ground state accompanied by
a large Jahn-Teller distortion is realized. A similar phase
diagram was also obtained for La1−xYxTiO3 (see Fig. 2
lower panel).15, 16)
A suppression of the Curie temperature (TC) around
the AFM-FM phase boundary is understood from the
strong two-dimensional anisotropy in the FM coupling
near the transition point.17, 18) On the other hand, in
spite of a lot of attempt and effort, the origin of the
AFM(G) structure in LaTiO3 has been controversial. We
briefly summarize the history of the study on this con-
troversy in the following.
Previous diffraction studies11, 19) showed that a Jahn-
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Fig. 2. Experimentally obtained magnetic phase diagram for
RTiO3 (upper panel, Ref. 12, 13), and that for La1−xYxTiO3
(lower panel, Ref. 15, 16). In these phase diagrams, TN and TC
are plotted as functions of the ionic radius of the R ion and
the unit cell volume, respectively. (The lines are guides for the
eyes.) Note that the unit cell volume of La1−xYxTiO3 is ap-
proximately proportional to the Y concentration (x), and well
characterizes the magnitude of the GdFeO3-type distortion.15)
Here, the closed symbols and the open symbols indicate TN and
TC, respectively. The values of the unit cell volume are deduced
from the data obtained by the previous x-ray diffraction mea-
surement (Ref. 15).
was undetectablly small in contrast with the cuprates
and manganites. If this is true, in LaTiO3, the crystal
field from the O ions surrounding a Ti3+ ion has a cubic
symmetry so that the degeneracy of the t2g orbitals is
expected to survive. In fact, a number of papers have
assumed this degeneracy as we describe below, and this
is a source of controversies.
Under this circumstance, the AFM(G) ground state
has been surprising and controversial since in the or-
bitally degenerate system, it is theoretically expected
that a FM state with antiferro-orbital ordering is fa-
vored both by electron transfers and by Hund’s rule cou-
pling.20–25) Indeed, a recent theoretical study based on a
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pounds are, in reality, a good prototype of the single-
band Hubbard model on a cubic lattice.
The crystal structure of RTiO3 is a pseudocubic per-
ovskite with an orthorhombic distortion (GdFeO3-type
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GdTiO3 and YTiO3, a FM ground state accompanied by
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diagram was also obtained for La1−xYxTiO3 (see Fig. 2
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Fig. 2. Experimentally obtained magnetic phase diagram for
RTiO3 (upper panel, Ref. 12, 13), and that for La1−xYxTiO3
(lower panel, Ref. 15, 16). In these phase diagrams, TN and TC
are plotted as functions of the ionic radius of the R ion and
the unit cell volume, respectively. (The lines are guides for the
eyes.) Note that the unit cell volume of La1−xYxTiO3 is ap-
proximately proportional to the Y concentration (x), and well
characterizes the magnitude of the GdFeO3-type distortion.15)
Here, the closed symbols and the open symbols indicate TN and
TC, respectively. The values of the unit cell volume are deduced
from the data obtained by the previous x-ray diffraction mea-
surement (Ref. 15).
was undetectablly small in contrast with the cuprates
and manganites. If this is true, in LaTiO3, the crystal
field from the O ions surrounding a Ti3+ ion has a cubic
symmetry so that the degeneracy of the t2g orbitals is
expected to survive. In fact, a number of papers have
assumed this degeneracy as we describe below, and this
is a source of controversies.
Under this circumstance, the AFM(G) ground state
has been surprising and controversial since in the or-
bitally degenerate system, it is theoretically expected
that a FM state with antiferro-orbital ordering is fa-
vored both by electron transfers and by Hund’s rule cou-
pling.20–25) Indeed, a recent theoretical study based on a
(a) (b)
Figure 1.4: (a) A magnetic phase diagram of ATiO3 as a function of the
ionic radius of A-ion. (b) A magnetic phase diagram for La1−xYxTiO3 as a
function of unit-cell volume proportional to the Y co e tra ion and GdFeO3-
type distortion. TN (open symbols) and TC (closed symbols) are the transi-
tion temperature for antiferro agnetic and ferromagnetic orderi g, respec-
tively. The lines are guide for the eyes. From Mochizuki and Imada (2004).
With an integer filling of d-derived bands, strong Coulomb interaction usually
gives rise to an insulating ground state with gnetism in which the magne ic and
orbital ordering is closely related to B-O-B angles [Fujimori (1992); Mizokawa and
Fujimori (1996)]. The preferred magnetic ordering for different B-O-B angle are e-
scribed by the Goodenough-Kanamori rules [Goodenough (1958); Kanamori (1959)],
a model based n superexchange and ouble-exchange mechanisms. For exam le,
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Fig. 1.4 shows the magnetic phase diagram of ATiO3 by changing ionic radius of
rare earth cation while fixing the ionic charge state as +3 in which each Ti ion has
one electron in d-shell. When the B-O-B angle is close to 180◦ (large ionic radius),
G-type antiferromagnetic ordering is preferred since the superexchange interaction is
through a single oxygen orbital satisfying the Pauli principle. When B-O-B angle is
close to 90◦ (small ionic radius) ferromagnetic ordering is preferred since the superex-
change interaction is through different oxygen orbitals in which Hund coupling favors
ferromagnetic alignment between oxygen orbitals.
In this section we discussed the general properties of ABO3 perovskites and how
the B-O-B angle and band filling of transition metal d bands can be controlled by
substituting A-site cation, which is closely related to the electronic and magnetic
properties. In the next section, we will review the properties of heterostructures and
superlattices composed of two TMO perovskites and discuss the important properties
of the electron gas formed at the interface and metal-insulator transitions.
1.2 Transition metal oxide heterostructures and
superlattices
1.2.1 Overview
Progress over the last decade in pulsed laser deposition and molecular beam epi-
taxy has provided new ways to control the properties of novel materials, by enabling
the formation of atomic precision superlattices and interfaces unobtainable with bulk
crystal growth methods [Mannhart et al. (2008); Zubko et al. (2011); Hwang et al.
(2012)]. Following the pioneering work by Ohtomo et al. (2002), artificially created
oxide systems have been reported, exhibiting a range of striking behavior including
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metal-insulator transitions [Thiel et al. (2006); Caviglia et al. (2008); Perucchi et al.
(2010); Yoshimatsu et al. (2010); Son et al. (2010); Jang et al. (2011); Moetakef
et al. (2011b)], superconductivity [Reyren et al. (2007); Biscaras et al. (2010)], and
magnetism [Brinkman et al. (2007); Lüders et al. (2009); Ariando et al. (2011); Bert
et al. (2011); Li et al. (2011)]. Moreover, carrier doping by charge transfer across
interfaces can be much higher than that obtainable by alloying or vacancy formation
[Seo et al. (2007); Biscaras et al. (2010); Moetakef et al. (2011b)] while electronic gat-
ing allows the continuous control of carrier doping [Ahn et al. (2003); Caviglia et al.
(2008); Mannhart et al. (2008); Zubko et al. (2011); Hwang et al. (2012)]. Among
various exotic phenomena, we will mainly focus on metal-insulator transitions and
the properties of the quasi two-dimensional electron gas formed at the interface.
1.2.2 Superlattices composed of band and Mott insulators
The first oxide superlattice fabricated with a layer-by-layer growth technique is a
superlattice comprised of Mott insulating LaTiO3 (LTO) and band insulating SrTiO3
(STO). The superlattices show clear differences compared to the bulk solid solution
of Sr1−xLaxTiO3. There is strong confinement of the conduction electrons around the
interface while the measured spatial distribution of Ti3+ ions is significantly broader
than La interdiffusion as shown in Fig. 1.5 (a) [Ohtomo et al. (2002)]. This means
that the confinement is not from the interdiffusion of A-cations and it has been pro-
posed that the spatial distribution depends on dielectric constant and ionic relaxation
[Okamoto et al. (2006)]. Moreover, unlike the bulk solid solution of Sr1−xLaxTiO3
showing metallic behavior for x > 0.1 with carrier density monotonically increasing
with x for x < 0.5 [Fujishima et al. (1992)], the sheet charge density of superlattices
is proportional to the number of interfaces, with each interface contributing close to
half an electron per in-plane unit cell [Seo et al. (2007)] (Fig. 1.5 (b)), which is also
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reported in GdTiO3/SrTiO3 superlattices [Moetakef et al. (2012a)].
nsheet ! 3" 1014 cm#2 with m$ % 1:8me [14], which
agrees well with theoretical predictions [3,5,15].
Here, we should mention that the Drude term is only a
phenomenological description, and its microscopic origin
is not clear. One possible explanation is in terms of a
chemical intermixing of La and Sr ions across the IFs
because LaxSr1#xTiO3 solid solutions are metallic [16].
As indicated by the solid circles in Fig. 3(b), the experi-
mental data of bulk LaxSr1#xTiO3 solid solutions reported
by Fujishima et al. [17] show that the !pD value increases
from x % 0:1 to 0.7, while it decreases above 0.7 due to the
strong electron correlation effect as a function of increas-
ing x. However, our SL data follow a different path
although the value of !pD is expected to increase when
going from ! % 1 to ! % 5, as shown by the solid squares
in Fig. 3(b). Moreover, the well-defined superstructure
peaks in our x-ray diffraction data and the abrupt IFs
seen on cross-sectional transmission electron microscopy
(not shown) confirm that the extent of La and Sr intermix-
ing is negligible.
As other candidates of extrinsic origin, it is also neces-
sary to consider the possibility of oxygen excess LaTiO3&"
[18] or La vacancy La1#xTiO3 [19] of LTO, and oxygen
deficiency of STO [20]. The former possibility can be
excluded as our data for !pD do not exhibit a correspond-
ing change as the relative volume fraction of the LTO
layers is altered by a factor of 5 between ! % 1 and 5.
On the other hand, serious consideration should be given to
the latter possibility of oxygen deficiency and thus metallic
SrTiO3#" layers. It is noteworthy that numerous recent
controversial studies and some debate in oxide electronics
circles have centered on the discontinuous IF polarity of
LaAlO3=STO [21] especially regarding the origin of con-
duction due to the oxygen vacancies [22]. As indicated by
the arrow in Fig. 3(a), the range of nsheet values of
LaAlO3=SrTiO3#" grown at low oxygen pressure [23] is
so wide that it also overlaps our experimental value of
nsheet ! 3" 1014 cm#2 as well as with the theoretical
values [3,5] of electronic reconstruction at the LTO/STO
IF. However, according to the recent report by Herranz
et al., LaAlO3=STO films were all insulating or highly
resistive when cooled in a high oxygen pressure environ-
ment from the deposition T to room T [24]. We performed
a similar in situ oxygen annealing process to compensate
for possible oxygen vacancies, but our LTO/STO SLs still
exhibited metallic behavior.
Another interesting aspect concerns the strong T depen-
dence of n'T(. Figure 2(c) shows the T dependence of
#1'!( for (LTO)2/(STO)10, which are characteristic of
all SLs. Figure 4(a) shows that n'T( increased significantly
by almost 30% between 300 K and 10 K. The correspond-
ing n'T( in a conventional normal metal is typically of the
order of 1%, even for oxides with strongly correlated
electrons. For the cuprate high-Tc superconductors, for
example, it is smaller than 10% [25]. Even the opposite
T dependence is observed for doped semiconductors where
n'T( decreases as the carriers become trapped at low T.
Thus, the increase of n'T( at low T also cannot be ex-
plained by the electron-doping effect of oxygen vacancies
of STO. However, we note that the quantum paraelectric
behavior of incipient ferroelectric STO exhibits a signifi-
cant increase in dielectric permittivity ($STO0 ) as T de-
creases. Therefore, we can explain the increase of n'T(
in the context of electronic reconstruction at an IF. The
charge transfer across the IF of LTO/STO (and thus nsheet)
should be affected by the dielectric screening of the STO
layer. The larger value of $STO0 thus gives rise to the larger
screening length of the electronic charges, and this allows
more charges to be transferred across the LTO/STO IF.
(See also the theoretical prediction of the coherent carrier
density as a function of $0 by Kancharla [5].)
Figure 4(b) displays the relaxation time of free carriers
%'T()% !#1D 'T(*. As all of our LTO/STO SLs showed a
significantly reduced !D, which is at least 1 order of
magnitude smaller than a doped Mott system [26], fairly
high mobility &'10 K( ! 35 cm2 V#1 s#1 was obtained
according to the relation & % e%=m$ with m$ % 1:8me.
It would be interesting to consider whether signatures of
novel phenomena, such as the quantum Hall effect, may be
observable in the LTO/STO SLs. The measured value of
% ! 3:5" 10#14 s at 10 K yields !c% % 0:01–0:02, where
the cyclotron frequency !c % eB=m$ with the magnetic
FIG. 4 (color online). T dependence of (a) the carrier density,
and (b) the relaxation time and mobility of free carriers for
'LTO(!='STO(10 SLs.
FIG. 3 (color online). (a) nsheet per IF. The solid line indicates
the value of an ideal 0.5 e# per unit cell area, and the dashed and
dotted lines represent theoretically predicted values reported by
Kancharla [5] and Okamoto [3], respectively. The vertical arrow
shows the range of nsheet in LaAlO3=SrTiO3#" IF from Ref. [23].
(b) Comparison of SL !pD with solid solution [17] and the ideal
doping of )La* % n as a function of La and Sr composition.




simple extraction of the distribution of the extra electron. The same
trend has been observed qualitatively using Ti 2p X-ray absorption
spectroscopy for bulk La12xSrxTiO3, to which this technique is
formally equivalent24. This unusually ionic decomposition is prob-
ably the consequence of three effects: (1) the octahedral symmetry
of the Ti sites is preserved; (2) the extra electron resides on the Ti
site; and (3) the Ti 2p–3d–3d couplings in the presence of the core
hole are large compared with the dispersion widths of the 3d
bands24. The onset of Ti3þ admixture, visible in the raw spectra,
occurs in the vicinity of the double layer of LaTiO3, which is
signalled by the La M5 edge. The oxygen concentration across the
layer remains unchanged within experimental error.
We also show the result of a similar scan across a single layer of
LaTiO3 (Fig. 3a). The spread of the extra electron can be seen in the
fractional Ti3þ signal, which has a full-width at half-maximum of
19 ^ 2 Å. Because this is significantly wider than the integrated La
M4,5 edge, the extended distribution of the extra electron can be
considered intrinsic to the ideal structure, not limited by interface
roughness or disorder. Figure 3b shows that the Ti3þ signal for both
the single- and double-layer LaTiO3 structures can be fitted with an
exponential ‘tail’, giving a decay length of l ¼ 1.0 ^ 0.2 nm. As an
order-of-magnitude estimate of the expected screening length, we
consider the Thomas–Fermi approximation for a degenerate semi-
conductor, assuming unity dopant activation. For the range of
reported values for bulk and thin film SrTiO3 (10 /m* varying from
10 to 100, where 10 is the static dielectric constant and m* is the
effective mass), a screening length in the range 0.23–0.72 nm is
deduced. This approximate correspondence with the experimental
result is remarkable, given the borderline applicability of the
effective mass approximation, the atomically abrupt potential
variation, and the lack of consideration of the phonon structure
of 1(q), the momentum-dependent dielectric response.
In Fig. 4a we compare the number of LaTiO3 unit cells in a layer
with the integrated Ti3þ area across the layer—the expected linear
relationship may be seen. Note that the measured area is calibrated
in an absolute sense, with the Ti3þ area observed per LaTiO3 layer
almost completely (95 ^ 3%) accounting for the extra electron.
More importantly, no evidence for compensating cation defects was
observed. Figure 4b displays the peak fraction of Ti3þ as a function
of the number of LaTiO3 unit cells. An extrapolation of the existing
data shows that 5 unit cells are needed for the central Ti site to
exhibit bulk-like spectroscopic features.
In much of the region associated with the LaTiO3 layers, the Ti
sites exhibit mixed valence between 3þ and 4þ. In bulk solid
solutions of La12xSrxTiO3, this configuration of the Ti valence
results in metallic behaviour, and correspondingly, superlattices of
LaTiO3/SrTiO3 are metallic. The overall conductivity is a function
of the spacing between, and the thickness of, the LaTiO3 interlayers.
Figure 2 Electron energy-loss spectra (EELS) for La and Ti simultaneously recorded
across a 2-unit-cell LaTiO3 layer in SrTiO3. Left, the ADF image for the layer (layer ‘2’ in
Fig. 1); centre, the experimental Ti L2,3 edge (grey lines), with the left side of the spectra
aligned to the ADF image. The electron beam position for these data is denoted by the
dashed line in the ADF image. Reference spectra for Ti4þ (red) and Ti3þ (blue) are shown
at the bottom, taken from thick sections of SrTiO3 and LaTiO3. Coloured lines show fits to
the position-dependent spectra colour-coded by the fractional contribution of Ti4þ and
Ti3þ. Right, the La M5 edge, aligned to the ADF image. Note that scanning along the Ti
sites broadens the La signal beyond the intrinsic resolution function. Bottom panel,
detailed view of the decomposition of the Ti L2,3 edge for the Ti site in the middle of the
layer. Experimental data are shown as black dots, fitted (violet) by the addition of the
reference spectra shown in red (Ti4þ) and blue (Ti3þ). The residual to the fit is given by the
black line at the bottom.
Figure 3 Spatial distribution of the Ti3þ signal in the vicinity of the LaTiO3 layer and
bilayer. a, EELS profiles for La and Ti recorded across a LaTiO3 monolayer. Inset, the ADF
image for the monolayer (layer ‘1’ in Fig. 1). The La M edge is recorded simultaneously
with the Ti L edge, yet the Ti3þ signal is considerably wider than that of the La. The
absolute fractions of La and Ti3þ were calibrated from bulk LaTiO3 and SrTiO3. b, The
decay of the Ti3þ signal away from the LaTiO3 monolayer of a as well as the bilayer of
Fig. 2. The tails of the Ti3þ signal for both structures fit an exponential decay with a decay
length of l ¼ 1.0 ^ 0.2 nm.
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simple extraction of the distribution of the extra electron. The same
trend has been observed qualitatively using Ti 2p X-ray absorption
spectroscopy for bulk La12xSrxTiO3, to which this technique is
formally equivalent24. This unusually ionic decomposition is prob-
ably the consequence of three effects: (1) the octahedral symmetry
of the Ti sites is preserved; (2) the extra electron resides on the Ti
site; and (3) the Ti 2p–3d–3d couplings in the presence of the core
hole are large compared with the dispersion widths of the 3d
bands24. The onset of Ti3þ admixture, visible in the raw spectra,
occurs in the vicinity of the double layer of LaTiO3, which is
signalled by the La M5 edge. The oxygen concentration across the
layer remains unchanged within experimental error.
We also show the result of a similar scan across a single layer of
LaTiO3 (Fig. 3a). The spread of the extra electron can be seen in the
fractional Ti3þ signal, which has a full-width at half-maximum of
19 ^ 2 Å. Because this is significantly wider than the integrated La
M4,5 edge, the extended distribution of the extra electron can be
considered intrinsic to the ideal structure, not limited by interface
roughness or disorder. Figure 3b shows that the Ti3þ signal for both
the single- and double-layer LaTiO3 structures can be fitted with an
exponential ‘tail’, giving a decay length of l ¼ 1.0 ^ 0.2 nm. As an
order-of-magnitude estimate of the expected screening length, we
consider the Thomas–Fermi approximation for a degenerate semi-
conductor, assuming unity dopant activation. For the range of
reported values for bulk and thin film SrTiO3 (10 /m* varying from
10 to 100, where 10 is the static dielectric constant and m* is the
effective mass), a screening length in the range 0.23–0.72 nm is
deduced. This approximate correspondence with the experimental
result is remarkable, given the borderline applicability of the
effective mass approximation, the atomically abrupt potential
variation, and the lack of consideration of the phonon structure
of 1(q), the momentum-dependent dielectric response.
In Fig. 4a we compare the number of LaTiO3 unit cells in a layer
with the integrated Ti3þ area across the layer—the expected linear
relationship may be seen. Note that the measured area is calibrated
in an absolute sense, with the Ti3þ area observed per LaTiO3 layer
almost completely (95 ^ 3%) accounting for the extra electron.
More importantly, no evidence for compensating cation defects was
observed. Figure 4b displays the peak fraction of Ti3þ as a function
of the number of LaTiO3 unit cells. An extrapolation of the existing
data shows that 5 unit cells are needed for the central Ti site to
exhibit bulk-like spectroscopic features.
In much of the region associated with the LaTiO3 layers, the Ti
sites exhibit mixed valence between 3þ and 4þ. In bulk solid
solutions of La12xSrxTiO3, this configuration of the Ti valence
results in metallic behaviour, and correspondingly, superlattices of
LaTiO3/SrTiO3 are metallic. The overall conductivity is a function
of the spacing between, and the thickness of, the LaTiO3 interlayers.
Figure 2 Electron energy-loss spectra (EELS) for La and Ti simultaneously recorded
across a 2-unit-cell LaTiO3 layer in SrTiO3. Left, the ADF image for the layer (layer ‘2’ in
Fig. 1); centre, the experimental Ti L2,3 edge (grey lines), with the left side of the spectra
aligned to the ADF image. The electron beam position for these data is denoted by the
dashed line in the ADF image. Reference spectra for Ti4þ (red) and Ti3þ (blue) are shown
at the bottom, taken from thick sections of SrTiO3 and LaTiO3. Coloured lines show fits to
the position-dependent spectra colour-coded by the fractional contribution of Ti4þ and
Ti3þ. Right, the La M5 edge, aligned to the ADF image. Note that scanning along the Ti
sites broadens the La signal beyond the intrinsic resolution function. Bottom panel,
detailed view of the decomposition of the Ti L2,3 edge for the Ti site in the middle of the
layer. Experimental data are shown as black dots, fitted (violet) by the addition of the
reference spectra shown in red (Ti4þ) and blue (Ti3þ). The residual to the fit is given by the
black line at the bottom.
Figure 3 Spatial distribution of the Ti3þ signal in the vicinity of the LaTiO3 layer and
bilayer. a, EELS profiles for La and Ti recorded across a LaTiO3 monolayer. Inset, the ADF
image for the monolayer (layer ‘1’ in Fig. 1). The La M edge is recorded simultaneously
with the Ti L edge, yet the Ti3þ signal is considerably wider than that of the La. The
absolute fractions of La and Ti3þ were calibrated from bulk LaTiO3 and SrTiO3. b, The
decay of the Ti3þ signal away from the LaTiO3 monolayer of a as well as the bilayer of
Fig. 2. The tails of the Ti3þ signal for both structures fit an exponential decay with a decay
length of l ¼ 1.0 ^ 0.2 nm.
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(a) (b)
Figure 1.5: (a) Spatial distribution of Ti3+ and Lax measured by electron
nergy oss spectra. Inset: the annular dark field image for the single LaTiO3
layer. From Ohtomo et al. (2002). (b) Sheet carrier density per interface.
Th solid line represents the ide l 0.5 electron per in-plane unit cell. The
dashed and dotted lines are theoretically predicted values. From Seo et al.
(2007).
In many transition metal oxides, electronic properties are sensitive to structural
features including octahedral rotation angles and transition metal-oxygen bond lengths
as discussed in Sec. 1.1. For superl ttices composed of materials with different octa-
hedral rotation patterns or different octahedral rotation angles, the local structural
change across interface may play an important role in determining the electronic
properties. It is reported that structural distorti n propagates only a few lattice con-
stants [Okamoto et al. (2006); Zhang et al. (2013); Chen et al. (2013)] so superlattice
thickness has a structural as well as a quantum confinement effect. Moreover, the
octahedral distortion along with the strong Coulomb interaction in d orbitals sug-
gests that the system will exhibit interesting interplay of structural, interface, and
correlation effects [Mannhart et al. (2008); Zubko et al. (2011); Hwang et al. (2012)].
The strain from the lattice mismatch also has an effect on the magnetic and orbital
ordering. Structural properties such as bond lengths, bond angles, nd octahedral
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rotation patterns depend on the lattice constants. Thus, change in lattice constants
can alter the magnetic and orbital ordering by changing the local crystal field splitting
and Jahn-Teller effect [Mizokawa and Fujimori (1996); Goodenough (1998); Rondinelli
and Spaldin (2011)].
 1 
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FIG. 1. (Color online) (a) Schematic showing the origin of
the fixed polar charge at SrTiO3/GdTiO3 interfaces, compensated
by ∼3.5 × 1014 cm−2 mobile electrons at each interface. (b), (c)
HAADF-STEM images of a unit cell of SrTiO3 embedded in GdTiO3.
The image in (b) shows a larger field of view, confirming the uniform
thickness of the SrTiO3 quantum well (thin dark region). The image in
(c) is a magnified section of the atomic resolution image. The SrTiO3
appears darker in these images because of the lower atomic number
of Sr relative to Gd.
resistivity, discussed below. Theoretical calculations indicate
that for 2DELs in SrTiO3, containing 3.5 × 1014 cm−2 carriers,
about 75% of the carriers are confined within the first three
layers.12 Returning to the question of electron count per Ti
site, the thinnest quantum well studied here, a single u.c. of
SrTiO3 embedded in GdTiO3, accommodate ∼7 × 1014 cm−2
carriers,11 or about one electron shared between three TiO2
layers, if the two interfacial TiO2 layers are included in
the electron count. However, the staggered band alignment7
favors charge transfer into the SrTiO3 well, and the precise
electron distribution over the three TiO2 layers likely will
depend on a number of atomistic parameters, including atomic
relaxations.13,14
High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) images [Fig. 1(b)] con-
firmed that continuous, SrTiO3 quantum wells down to 1 u.c.
in thickness were obtained. The excellent control over quantum
well thicknesses afforded by molecular beam epitaxy (MBE)
is also apparent in the sheet resistance data of these samples.11
For example, changing the thickness by one monolayer
produced detectable decreases in the sheet resistance,11 due
to the increase in mobility (interface roughness scattering in
thin quantum wells scales with ∼a6, where a is the quantum
well thickness15). Hall and Seebeck measurements indicated
that transport occurred in the SrTiO3, consistent with the band
alignments in this system.7 In particular, even for the thinnest
quantum wells, the Hall and Seebeck coefficients were n
type, characteristic for SrTiO3. In the Mott insulator GdTiO3
these coefficients are p type and positive.16 Furthermore,
mobilities were higher than those of doped GdTiO3 for all
samples.
All quantum well structures with SrTiO3 thicknesses
greater or equal to 2 u.c. (“0.8 nm”) were metallic (Fig. 2). The
upturn in resistivity at very low temperatures coincides with
the appearance of negative magnetoresistance,11 indicative of
weak localization.17 As shown in Fig. 2(a), at temperatures
above the onset of weak localization the temperature depen-
dence of the resistivity ρ(T ) can be described by Fermi-liquid
FIG. 2. (Color online) (a) Sheet resistance as a function of T 2 for
quantum wells of SrTiO3 embedded in GdTiO3, with different SrTiO3
quantum well thicknesses. The solid black lines are fits to Eq. (1).
(b) Temperature coefficient A as a function of carrier density for
the samples investigated in this study and bulk LaxSr1−xTiO3 from
the literature [Tokura et al. (Ref. 25) and Okuda et al. (Ref. 24)],
respectively. A was obtained from fits to Eq. (1) between ∼40 and
300 K, except for Gd0.285Sr0.715TiO3 and Gd0.56Sr0.44TiO3, for which
it was obtained from ∼10 to 250 K. The thickness of the SrTiO3
quantum wells for the GdTiO3/SrTiO3/LSAT samples was between
0.4 and 8.6 nm [see Supplemental Material (Ref. 11)] and the 3D
carrier concentrations were calculated from the sheet densities as
described in the text. The vertical line is a guide to the eye showing
the critical carrier density for which A increases as the Mott transition
is approached.
theory as
ρ(T ) = ρ0 + AT 2, (1)
where ρ0 is the residual resistivity due to impurity scattering,
and T the temperature. The quadratic temperature depen-
dence indicates electron-electron scattering as the dominant
scattering mechanism18 and was found for all samples in-
vestigated here, up to room temperature,11 except for the
Gd0.285Sr0.715TiO3 and Gd0.56Sr0.44TiO3 films, which showed
the quadratic temperature dependence only below 250 K.
201102-2
(d)(a)
Figure 1.6: (a Schemati showing a te ostr cture with two unit cells of
STO (0.4 nm) embedde in GTO with each interface contributing half an
electron per in-plane unit cell. (b-c) Scanning tunneling electron microscopy
image of a unit cell of STO imbedded in GTO where the panel (b) shows
a larger field of view. (d) Sheet resistance as a function of temperature for
various STO thicknesses. From Moetakef et al. (2012a).
In contrast to the LTO/STO superlattices where both materials are nearly cubic,
the superlattices comprised of GdTiO3(GTO)/STO have significant distortion around
the interface due to the GdFeO3-type octahedral rotation and small Ti-O-Ti angle
of GTO. Due to the small Ti-O-Ti angle, bulk GTO is ferromagnetically ordered
in contrast to the G-type antiferromagnetic ordering of LTO. Fig. 1.6 shows sheet
resistivity as a function of temperature for varying STO thickness. As the thickness
of STO decre ses to two unit cells (0.4 nm), the interface is found to be insulating
whereas LTO/STO superlattices are metallic regardless of STO thickness [Seo et al.
(2007)]. In the extreme case where one unit cell of STO is sandwiched between
thick GTO la ers, the charge density per each Ti is half an electron whi h is still far
from the Mott-insulating limit of one electron per Ti, suggesting that some kind of
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charge, spin, or orbital ordering is required. On the basis of first-principles DFT+U
calculations Chen and Balents [Chen et al. (2013)] proposed that half-filled bonding
bands with dimerization lead to an insulating ground state when the number of STO
layers is one and that there is insulator to metal transition when the number of STO
layers increases from one to two. However, the mechanism for the insulating phase for
two unit cells of STO is not understood yet in which many-body effects may play an
important role in the insulating phase. We will discuss the electronic and structural
properties of GTO/STO superlattices in Chapter 3.
1.2.3 Electronic reconstruction between polar and non-polar
insulators
The interface between two band insulating ABO3 perovskite oxides has been in-
vestigated extensively and it is reported that the junction between two insulating
materials, LaAlO3(LAO) and SrTiO3 can support a two dimensional electron gas un-
der appropriate circumstances [Ohtomo and Hwang (2004)]. Fig. 1.7 shows atomic
structures and transport measurements of LAO/STO heterostructures where LAO
layers are epitaxially grown on TiO2 terminated STO. The interface clearly exhibits
metallic behavior, and more interestingly, insulator to metal transition as the number
of LAO layers exceeds the critical thickness about four unit cells of LAO [Thiel et al.
(2006)] as seen in Fig. 1.8 (c).
To explain the conducting carriers formed at the interface, a polar catastrophe
scenario has been proposed [Nakagawa et al. (2006)]. A LAO/STO heterostructure
can be divided as alternating LaO/AlO2 planes for LAO and SrO/TiO2 planes for
STO as shown in Fig. 1.7. From simple valence counting, the alternating planes of
LAO have the charge density of +1 and -1 electron per in-plane unit cell for LaO
and AlO2 planes, respectively, whereas there is no net charge density for both SrO
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of the ilmenite–haematite mineral series have been shown to induce
interfacial magnetism via charge transfer10.
Valence discontinuities naturally arise as a general concern in
complex oxide heteroepitaxy as well. The electronic structure of an
oxide heterointerface is important for its stability and function in
many devices. In manganite tunnel junctions, for example, the
magnetoresistance of the device is exponentially sensitive to the
charge and spin state at the manganite–tunnel barrier interface6.
The heterointerface between LaAlO3 and SrTiO3 is a simple,
experimentally accessible realization of a valence discontinuity
in perovskite oxides. Both are wide-bandgap insulators
(LaAlO3 < 5.6 eV, SrTiO3 < 3.2 eV), and they are reasonably well
lattice matched to one another (3.789 Å and 3.905 Å, respectively).
The formal valence states can be assigned as La3þ, Al3þ, O22, Sr2þ,
and Ti4þ; to first order, only Ti has accessible mixed-valence
character, allowing for reduction towards Ti3þ. In the (001)
direction, the perovskite structure ABO3 can be considered as
alternating stacks of AO and BO2. SrTiO3 is a sequence of charge-
neutral sheets, whereas LaAlO3 alternates between ^e-charged
sheets in the ionic limit, where e is the electron charge. The
heterointerface of LaAlO3 and SrTiO3, therefore, presents an extra
^e/2 per two-dimensional unit cell, again in the simple ionic limit
(Fig. 1b and d).
The LaAlO3/SrTiO3 interfaces were grown in an ultrahigh vac-
uum chamber (Pascal) by pulsed laser deposition using a single-
crystal LaAlO3 target on (001) SrTiO3 single-crystal substrates.
SrTiO3 substrates are well suited for this study, as techniques have
been developed to etch TiO2-terminated surfaces characterized by
atomically flat terraces separated by unit cell steps11. The (LaO)þ/
(TiO2)
0 interface (Fig. 1b) was grown by direct deposition on this
surface using a KrF excimer laser at a repetition rate of 2Hz and a
laser fluence at the target surface of ,1 J cm22. The growth
temperature was 800 8C as measured by a pyrometer (emissivity
0.8), with an oxygen partial pressure pO2 ranging from 10
24–1026
torr. Typical unit cell reflection high-energy electron diffraction
(RHEED) intensity oscillations are shown in Fig. 1a. The (AlO2)
2/
(SrO)0 interface (Fig. 1d) was grown by first depositing amonolayer
of SrO from a single-crystal target, then switching to LaAlO3
in situ12. Typical RHEED oscillations for this case are shown in
Fig. 1c. After growth of LaAlO3, atomic force microscopy reveals
that the original step and terrace structure of the substrate surface is
preserved. This indicates that the intended interface is generally
formed across the entire substrate.
We examined the conductivity of the interface, which required
laser-annealed ohmic contacts through contact shadow masks to
reach the buried interface (unpublished work). This contact method
produced an array of microcracks penetrating the LaAlO3 layer, as
well as a tub of highly n-type SrTiO3 formed by oxygen vacancies
induced by the radiation. These contacts were formed around
transport samples in typical six-probe Hall bar geometries. In all
cases studied, the (AlO2)
2/(SrO)0 interface, expected to have a
p-type interface, was insulating, although the possibility of Schottky
barrier formation exists. The (LaO)þ/(TiO2)
0 interface, however,
indeed displayed n-type conductivity for awide range of conditions.
The temperature-dependent sheet resistance RXX(T) is given in
Fig. 2a and b for 60-Å-thick and 260-Å-thick LaAlO3 on SrTiO3
for the (LaO)þ/(TiO2)
0 interface at different pO2 values during
growth. The thicker LaAlO3 film showed little pO2 dependence,
whereas the thinner film lost significant conductivity for higher pO2
values. For the case of the films grown at 1026 torr, a number of
films are shown as a sample of the variability and reproducibility.
The temperature dependence of the Hall coefficient RH is given in
Fig. 2c and d for the corresponding samples in Fig. 2a and b. There is
little or no evidence for carrier freeze-out in most samples, consist-
ent with the low activation barrier for dopants in SrTiO3 (ref. 13).
The resultant Hall mobility mH(T) is given in Fig. 2e and f,
demonstrating the extremely high carrier mobility that can be
obtained at the interface.
Figure 2 Transport properties of the (LaO)þ/(TiO2)
0 interface for different oxygen partial
pressures pO2 during growth at 10
24, 1025, and 1026 torr, as well as for 1026 torr
growth followed by annealing in 1 atm of O2 at 400 8C for 2 h. a, c, e, The temperature
dependence of R XX(T ), R H(T ) and m H(T ) for the interface between 60-Å-thick LaAlO3
and SrTiO3, respectively. b, d, f, The temperature dependence of R XX(T ), R H(T ) and
m H(T ) for the interface between 260-Å-thick LaAlO3 and SrTiO3, respectively.
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of the ilmenite–haematite mineral series have been shown to induce
interfacial magnetism via charge transfer10.
Valence discontinuities naturally arise as a general concern in
complex oxide heteroepitaxy as well. The electronic structure of an
oxide heterointerface is important for its stability and function in
many devices. In manganite tunnel junctions, for example, the
magnetoresistance of the device is exponentially sensitive to the
charge and spin state at the manganite–tunnel barrier interface6.
The heterointerface between LaAlO3 and SrTiO3 is a simple,
experimentally accessible realization of a valence discontinuity
in perovskite oxides. Both are wide-bandgap insulators
(LaAlO3 < 5.6 eV, SrTiO3 < 3.2 eV), and they are reasonably well
lattice matched to one another (3.789 Å and 3.905 Å, respectively).
The formal valence states can be assigned as La3þ, Al3þ, O22, Sr2þ,
and Ti4þ; to first order, only Ti has accessible mixed-valence
character, allowing for reduction towards Ti3þ. In the (001)
direction, the perovskite structure ABO3 can be considered as
alternating stacks of AO and BO2. SrTiO3 is a sequence of charge-
neutral sheets, whereas LaAlO3 alternates between ^e-charged
sheets in the ionic limit, wher is th electron charg . The
heterointerface of LaAlO3 and SrTiO3, therefore, presents an extra
^e/2 per two-dimensional unit cell, again in the simple ionic limit
(Fig. 1b and d).
The LaAlO3/SrTiO3 interfaces were grown in an ultrahigh vac-
uu chamber (Pascal) by pulsed laser deposition using a single-
cryst l L AlO3 target on (001) SrTiO3 single-crystal substrates.
Sr iO3 substrates are well suited for this study, as techniques have
been developed to etch TiO2-terminated surfaces characterized by
atomically flat terraces separated by unit cell steps11. The (LaO)þ/
(TiO2)
0 interface (Fig. 1b) was grown by direct deposition on this
surface using a KrF excimer laser at a repetition rate of 2Hz and a
laser fluence at the ta get surface of ,1 J c 22. The growth
tempera ure was 800 8C as measured by a pyrometer emissivity
0.8), with an oxygen partial pressure pO2 ranging from 10
24–1026
torr. Typical unit cell reflection high-energy electron diffraction
(RHEED) intensity oscillations are shown in Fig. 1a. The (AlO2)
2/
(SrO)0 interface (Fig. 1d) was grown by first depositing amonolayer
of SrO from a single-crystal target, then switching to LaAlO3
in situ12. Typical RHEED oscillations for this case are shown in
Fig. 1c. After growth of LaAlO3, atomic force microscopy reveals
that the original step and terrace structure of the substrate surface is
preserved. This indicates that the intended interface is generally
formed across the entire substrate.
We examined the conductivity of the interface, which required
laser-annealed ohmic contacts through contact shadow masks to
reach the buried interface (unpublished work). This contact method
produced an array of microcracks penetrating the LaAlO3 layer, as
well as a tub of highly n-type SrTiO3 formed by oxygen vacancies
induced by the radiation. These contacts were formed around
transport samples in typical six-probe Hall bar geometries. In all
cases studied, the (AlO2)
2/(SrO)0 interface, expected to have a
p-type interface, was insulating, although the possibility of Schottky
barrier formation exists. The (LaO)þ/(TiO2)
0 interface, however,
indeed disp ay d n-type conductivity for awide range of conditions.
The temperature-dependent sheet resistance RXX(T) is given in
Fig. 2a and b for 60-Å-thick and 260-Å-thick LaAlO3 on SrTiO3
for the (LaO)þ/(TiO2)
0 interface at different pO2 values during
growth. The thicker LaAlO3 film showed little pO2 dependence,
whereas the thinner film lost significant conductivity for higher pO2
values. For th case of the films grown at 1026 torr, a number of
films are shown as a sample of the variability and reproducibility.
The temperature dependence of the Hall coefficient RH is given in
Fig. 2c and d for the corresponding samples in Fig. 2a and b. There is
little or no evidence for carrier freeze-out in most samples, consist-
ent with the low activation barrier for dopants in SrTiO3 (ref. 13).
The r sultant Hall mobility mH(T) is given i Fig. 2e and f,
demonstrating the ext emely high carrier mobi ity that can be
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Figure 2 Transport properties of the (LaO)þ/(TiO2)
0 interface for different oxygen partial
pressures pO2 during growth at 10
24, 1025, and 1026 torr, as well as for 1026 torr
growth followed by annealing in 1 atm of O2 at 400 8C for 2 h. a, c, e, The temperature
dependence of R XX(T ), R H(T ) and m H(T ) for the interface between 60-Å-thick LaAlO3
and SrTiO3, respectively. b, d, f, The temperature dependence of R XX(T ), R H(T ) and
m H(T ) for the interface between 260-Å-thick LaAlO3 and SrTiO3, respectively.
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of the ilmenite–haematite mineral series hav been shown to induce
interfacial magnetism via charge transfer10.
Valence disconti uities naturally arise as a general concern in
complex oxide heteroepitaxy as well. The electronic structure of an
oxide heterointerface is important for its stability and function in
many devices. In manganite tunnel junctions, for example, the
magnetoresistance of the device is exponen ially sensitive to the
charge and spin state at the manganite–tunnel barrier interface6.
The heterointerfac betwe n LaAlO3 nd SrTiO3 is a simp e,
experimentally accessible realization of a valence discontinuity
in perovskite oxides. Both are wide-bandgap insulators
(LaAlO3 < 5.6 eV, SrTiO3 < 3.2 eV), and they are reasonably well
lattice matched to one another (3.789 Å and 3.905 Å, respectively).
The formal valence states can be assigned as La3þ, Al3þ, O22, Sr2þ,
and Ti4þ; to first order, only Ti has accessible mixed-valence
character, allowing for reduction towards Ti3þ. In the (001)
direct on, the perovskite structure ABO3 can be considered as
alte ating stacks of AO and BO2. SrTiO3 is a sequence of charg -
neutral sheets, whereas LaAlO3 alternates between ^e-charged
sheets in the ionic limit, where e is the electron charge. The
eterointerface of LaAlO3 and SrTiO3, t erefore, presents an extra
^e/2 per two-dimensional unit cell, again in the simple ionic limit
(Fig. 1b and d).
The LaAlO3/SrTiO3 interfaces were grown in an ultrahigh vac-
uum chamber (Pascal) by pulsed laser deposition using a single-
crystal LaAlO3 target on (001) SrTiO3 single-crystal substrates.
SrTiO3 substrates are well suited for this study, as techniques have
been developed to etch TiO2-terminated surfaces characterized by
atomically flat terraces separated by unit cell steps11. The (LaO)þ/
(TiO2)
0 interface (Fig. 1b) was grown by direct deposition on this
surface using a KrF excimer laser at a repetition rate of 2Hz and a
laser fluence at the target surface of ,1 J cm22. The growth
temperature was 800 8C as measured by a pyrometer (emissivity
0.8), with an oxygen partial pressure pO2 ranging from 10
24–1026
torr. Typical unit cell refle tion hi h-energy electron diffraction
(RHEED) intensity oscillations are shown in Fig. 1a. The (AlO2)
2/
(SrO)0 interface (Fig. 1d) was grown by first depositing monolayer
of SrO from a single-crystal target, then switching to LaAlO3
in situ12. Typical RHEED oscillations for this case are shown in
Fig. 1c. After growth of LaAlO3, atomic force microscopy reveals
that the riginal step and terrace structure of the substrate surface is
preserved. This indicates that the intended interface is generally
formed across the entire substrate.
We examined the conductivity of the interface, which required
laser-annealed ohmic contacts through contact shadow masks to
reach the buried interface (unpublished work). This contact method
produced an array of microcracks penetrating the LaAlO3 layer, as
well as a tub of highly n-type SrTiO3 formed by oxygen vacancies
induced by the radiation. These contacts were formed around
transport samples in typical six-probe Hall bar geometries. In all
cases studied, the (AlO2)
2/(SrO)0 interface, expected to have a
p-type interface, was insulating, although the possibility of Schottky
barrier formation exists. The (LaO)þ/(TiO2)
0 interface, however,
indeed displayed n-type conductivity for awide range of conditions.
The temperature-depende t sheet resistance RXX(T) is given in
Fig. 2a and b for 60-Å-thick and 260-Å-thick LaAlO3 on SrTiO3
for the (LaO)þ/(TiO2)
0 interface at different pO2 values during
growth. The thicker LaAlO3 film showed little pO2 dependence,
whereas the thinner film lost significant conductivity for higher pO2
values. For the case of the films grown at 1026 torr, a number of
films are shown as a sample of the variability and reproducibility.
The temperature dependence of the Hall coefficient RH is given in
Fig. 2c and d for the corresponding samples in Fig. 2a and b. There is
little or no evidence for carrier freeze-out in most samples, consist-
ent with the low activation barrier for dopants in SrTiO3 (ref. 13).
The resultant Hall mobility mH(T) is given in Fig. 2e a d f,
demonstrating the extremely high carrier mobility that can be
obtained at the interface.
Figure 2 Transport properties of the (LaO)þ/(TiO2)
0 interface for different oxygen partial
pressures pO2 during growth at 10
24, 1025, and 1026 torr, as well as for 1026 torr
growth followed by annealing in 1 atm of O2 at 400 8C for 2 h. a, c, e, The temperature
dependence of R XX(T ), R H(T ) and m H(T ) for the interface between 60-Å-thick LaAlO3
and SrTiO3, respectively. b, d, f, The temperature dependence of R XX(T ), R H(T ) and
m H(T ) for the interface between 260-Å-thick LaAlO3 and SrTiO3, respectively.
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Polarity discontinuities at the interfaces between different crys-
talline materials (heterointerfaces) can lead to nontrivial local
atomic and electronic structure, owing to the presence of dan-
gling bonds and incomplete atomic coordinations1–3. These dis-
continuities often arise in naturally layered oxide structures,
such as the superconducting copper oxides and ferroelectric
titanates, as well as in artificial thin film oxide heterostructures
such as manganite tunnel junctions4–6. If polarity discontinuities
can be atomically controlled, unusual charge states that are
inaccessible in bulk materials could be realized. Here we have
examined a model interface between two insulating perovskite
oxides—LaAlO3 and SrTiO3—in which we control the termin-
ation layer at the interface on an atomic scale. In the simple ionic
limit, this interface presents an extra half electron or hole per
two-dimensional unit cell, depending on the structure of t
interface. The hole-doped interface is found to be insulati ,
whereas the electron-doped interface is conducti g, with x-
tremely high carrier mobility exceeding 10,000 cm2V21 s21. At
low temperature, dramatic magnetoresistance oscillations peri-
odic with the inverse magnetic field are observed, indicating
quantum transport. These results present a broad opportunity to
tailor low-dimensional charge states by atomically engineered
oxide heteroepitaxy.
An early discussion of polarity or valence discontinuities arose in
the consideration of the growth of GaAs on (001)-oriented Ge1,2.
Both semiconductors have the same crystal structure and nearly
exact lattice match, thus representing promising materials to
combine direct and indirect bandgap semiconductor functions.
Just at the interface, however, there are incomplete bo ds at the
termination of the group IV Ge layer and the commencement of
III–V alternations of GaAs. There have been recent attempts to
design interfaces on the atomic scale to compensate for these
dangling bonds7. Layered oxide crystal structures can be viewed as
an intimate sequence of valence discontinuities, often involving
charge-transfer over a few atomic positions. The myriad of stacking
sequences such as the perovskite-derived Ruddlesden–Popper
phases, constructed as Anþ1BnO3nþ1, for 0 # n # 1 involve
accommodating this charge transfer while maintaining global
charge neutrality8,9. Recently, lamellar contacts between members
Figure 1 Growth and schematic models of the two possible interfaces between LaAlO3
and SrTiO3 in the (001) orientation. a, RHEED intensity oscillations of the specular
reflected beam for the growth of LaAlO3 directly on the TiO2 terminated SrTiO3 (001)
surface. b, Schematic of the resulting (LaO)þ/(TiO2)
0 interface, showing the composition
of each layer and the ionic charge state of each layer. c, RHEED oscillations for the growth




NATURE |VOL 427 | 29 JANUARY 2004 | www.nature.com/nature 423© 2004 Nature Publishing Group
(b)
Figure 1.7: (a) Schematic of a TiO2 terminated LaAlO3/SrTiO3 h t-
erostructure. (b) Temperature dependence of Rxx for 60Å thick LaAlO3
grown epitaxially on SrTiO3 with different oxygen partial pressures. From
Ohtomo and Hwang (2004).
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and TiO2 planes of STO. The alternating planes of LAO can be viewed as serially
connected capacitors in which the potential difference across the LAO layers increases
linearly with the LAO thickness. The sign of the potential difference across the LAO
layers is determined by the termination of the STO. For TiO2-terminated STO, as
the LAO thickness increases, the potential difference can be compensated if half an
electron per in-plane unit cell is added to the interfacial TiO2 plane with the same
amount of holes added to the topmost AlO2 layer as illustrated in Fig. 1.8. For SrO
terminated STO (not shown here), the polar catastrophe can be avoided by removing
half an electron per in-plane unit cell from the topmost TiO2 plane and adding the
same amount of electrons to the topmost LaO layer. In the remaining section, we
will focus on LAO/STO heterostructures with TiO2 terminated STO.




2x2 − 2x+ 1
]
, (1.1)
where Ec represents charging energy defined as
πe2
εd
, ε is dielectric constant of LAO,
d is the distance between AlO2 layers, N is the number of LAO unit cells, and x
denotes the sheet charge density of STO. Regardless of the number of LAO layers, the
electrostatic energy (or the potential difference across the LAO layers) is minimized
by transferring a sheet charge density of 0.5 electrons per in-plane unit cell to the
interface TiO2 plane as in Fig. 1.8 (b). A more sophisticated theory based on a model
including compressibility and band alignments in addition to the electrostatic energy
has been proposed [Millis and Schlom (2010)]. The total energy is given by




where ∆ is an energy difference between the conduction band bottom of STO and
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valence band top of LAO, and κ is a compressibility defined as a reciprocal sum of the
electron compressibility of STO and hole compressibility of LAO (1/κ = 1/κSTOe +







with a critical thickness of the electronic reconstruction, Nc = b ∆2N c. Figure 1.8 (d)
shows the sheet charge density as a function of the LAO thickness with reasonable
parameters Ec ∼ 1 eV, κ−1 ∼ 1 eV, and ∆ ∼ 3 eV. When the number of LAO
unit cells reaches the critical thickness, electronic reconstruction occurs with a sheet
charge density monotonically increasing with the LAO thickness, consistent with ex-
perimental data [Thiel et al. (2006)] as in Fig. 1.8 (c-d). In the limit of N → ∞,
the transferred sheet carrier density takes an asymptotic value of 0.5 electrons per in
plane unit cell due to the dominating electrostatic energy. Density functional theory
calculations also show a formation of conducting carrier with similar LAO thickness
[Son et al. (2009); Chen et al. (2010)].
However, as in Fig. 1.8 (d) the carrier density inferred from Hall effect and other
transport measurements is typically one order of magnitude less than the number
theoretically expected from polar catastrophe [Thiel et al. (2006)], although high
energy photoemisson measurements yield numbers more nearly consistent with theory
[Sing et al. (2009)]. Moreover, so far there has been no report of conducting carriers
in SrO terminated interfaces where a hole concentration close to 0.5 per in-plane unit
cell is expected. In the polar catastrophe scenario, not only electronic reconstruction
but also extrinsic mechanisms such as oxygen vacancies and cation intermixing are
able to reduce the polar field. These contributions to the charge density besides the
polar catastrophe mechanism have been proposed [Siemons et al. (2007); Chambers
et al. (2010)] and a key role for defects has been documented [Nakagawa et al. (2006)].
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Figure 1 The polar catastrophe illustrated for atomically abrupt (001) interfaces between LaAlO3 and SrTiO3. a, The unreconstructed interface has neutral (001) planes
in SrTiO3, but the (001) planes in LaAlO3 have alternating net charges (ρ). If the interface plane is AlO2/LaO/TiO2, this produces a non-negative electric field (E ), leading in
turn to an electric potential (V ) that diverges with thickness. b, If the interface is instead placed at the AlO2/SrO/TiO2 plane, the potential diverges negatively. c, The
divergence catastrophe at the AlO2/LaO/TiO2 interface can be avoided if half an electron is added to the last Ti layer. This produces an interface dipole that causes the electric
field to oscillate about 0 and the potential remains finite. The upper free surface is not shown, but in this simple model the uppermost AlO2 layer would be missing half an
electron, which would bring the electric field and potential back to zero at the upper surface. The actual surface reconstruction is more complicated21. d, The divergence for
the AlO2/SrO/TiO2 interface can also be avoided by removing half an electron from the SrO plane in the form of oxygen vacancies.
have a formal valence of O2−, the A and B cations can take on
values of A4+B2+, A3+B3+, A2+B4+ or A1+B5+, such that the ABO3
bulk structure remains neutral. Fractional charge values also arise
from solid solutions and/or mixed valence states. Just as compound
semiconductors made from group IV elements such as Si or Ge have
formally neutral (001) planes, the A2+B4+O3 or ‘II–IV’ structure
(such as SrTiO3) also contains neutral AO and BO2 (001) planes.
An analogue of the III–V or II–VI semiconductors such as GaN or
CdTe that have polar planes is the A3+B3+O3 or ‘III–III’ structure
(such as LaTiO3 or LaAlO3), which is composed of +1 AO and
−1 BO2 planes.
If we consider joining perovskites from two different charge
families with atomic abruptness in an (001) orientation, a polar
discontinuity results at the interface. Taking the example of joining
LaAlO3 with SrTiO3, two configurations arise, which can be
defined by the composition of the layer between AlO2 and TiO2 at
the interface: AlO2/LaO/TiO2 or AlO2/SrO/TiO2. Such a junction
between polar and nonpolar planes is very common in oxide
heterostructures, and the following discussion applies generally to
many perovskite interfaces. Figure 1a,b shows how an atomically
abrupt interface between polar and neutral layers leads to a
polar catastrophe (where the electrostatic potential diverges with
thickness) if there is no redistribution of charges at the interface.
Unlike conventional semiconductors where each ion has a
fixed valence, in complex oxides compositional roughening is
not the only option for charge rearrangement: mixed valence
charge compensation can occur if electrons can be redistributed
at lower energy cost than redistributing ions. Conceptually, one
can first construct the interface from neutral atoms and then
allow ionization, resulting in the net transfer of half an electron
per two-dimensional unit cell (e−/u.c.) from LaAlO3 to SrTiO3
across the interface (Fig. 1c). This process leaves the overall
structure neutral, with the Ti ion at the interface becoming Ti3.5+,
and the potential no longer diverges. The extra half an electron
at the AlO2/LaO/TiO2 (‘n-type’) interface should be physically
detectable by transport and direct spectroscopic measurements.
Indeed, metallic conductivity and Hall measurements suggest free
electrons at the n-type interface10. Figure 1d shows the analogous
construction for the AlO2/SrO/TiO2 interface where the SrO layer
must now acquire an extra half a hole per two-dimensional unit cell
(e+/u.c.) to maintain charge neutrality, that is, formally it should
be ‘p-type’. Electrically, however, this interface is insulating10. As
this positive charge is still electrostatically necessary to avoid the
divergence, and there are no available mixed-valence states to
compensate for the half a hole (such as Ti4.5+, which is energetically
inaccessible), an atomic reconstruction is required.
Here we show direct experimental evidence that the induced
interface charges at the AlO2/LaO/TiO2 interfaces are compensated
for by mixed-valence Ti states that place extra electrons in the
SrTiO3 conduction band. In contrast to this electronic interface
reconstruction, the AlO2/SrO/TiO2 interface is compensated by
the introduction of oxygen vacancies at the interface, an atomic
interface reconstruction. For repeated growth of polar interfaces in
LaAlO3/SrTiO3 superlattices, the cations intermix rapidly to reduce
the interface dipole energy, representing a fundamental limit on the
growth stability of multiple polar interfaces.
RESULTS
To understand the electrical asymmetry between the two interface
terminations, we examined the interfaces with atomic-resolution
electron energy loss spectroscopy (EELS) performed in a scanning
transmission electron microscope (STEM) with single atom and
vacancy sensitivity12,13. Atomic-scale measurements of composition
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electron, which would bring the electric field and potential back to zero at the upper surface. The actual surface reconstruction is more complicated21. d, The divergence for
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values of A4+B2+, A3+B3+, A2+B4+ or A1+B5+, such that the ABO3
bulk structure remains neutral. Fractional charge values also arise
from solid solutions and/or mixed valence states. Just as compound
semiconductors made from group IV elements such as Si or Ge have
formally neutral (001) planes, the A2+B4+O3 or ‘II–IV’ structure
(such as SrTiO3) also contains neutral AO and BO2 (001) planes.
An analogue of the III–V or II–VI semiconductors such as GaN or
CdTe that have polar planes is the A3+B3+O3 or ‘III–III’ structure
(such as LaTiO3 or LaAlO3), which is composed of +1 AO and
−1 BO2 planes.
If we consider joining perovskites from two different charge
families with atomic abruptness in an (001) orientation, a polar
discontinuity results at the interface. Taking the example of joining
LaAlO3 with SrTiO3, two configurations arise, which can be
defined by the composition of the layer between AlO2 and TiO2 at
the interface: AlO2/LaO/TiO2 or AlO2/SrO/TiO2. Such a junction
between polar and nonpolar planes is very common in oxide
heterostructures, and the following discussion applies generally to
many perovskite interfaces. Figure 1a,b shows how an atomically
abrupt interface between polar and neutral layers leads to a
polar catastrophe (where the electrostatic potential diverges with
thickness) if there is no redistribution of charges at the interface.
Unlike conventional semiconductors where each ion has a
fixed valence, in complex oxides compositional roughening is
not the only option for charge rearrangement: mixed valence
charge compensation can occur if electrons can be redistributed
at lower energy cost than redistributing ions. Conceptually, one
can first construct the interface from neutral atoms and then
allow ionization, resulting in the net transfer of half an electron
per two-dimensional unit cell (e−/u.c.) from LaAlO3 to SrTiO3
across the interface (Fig. 1c). This process leaves the overall
structure neutral, with the Ti ion at the interface becoming Ti3.5+,
and the potential no longer diverges. The extra half an electron
at the AlO2/LaO/TiO2 (‘n-type’) interface should be physically
detectable by transport and direct spectroscopic measurements.
Indeed, metallic conductivity and Hall measurements suggest free
electrons at the n-type interface10. Figure 1d shows the analogous
construction for the AlO2/SrO/TiO2 interface where the SrO layer
must now acquire an extra half a hole per two-dimensional unit cell
(e+/u.c.) to maintain charge neutrality, that is, formally it should
be ‘p-type’. Electrically, however, this interface is insulating10. As
this positive charge is still electrostatically necessary to avoid the
divergence, and there are no available mixed-valence states to
compensate for the half a hole (such as Ti4.5+, which is energetically
inaccessible), an atomic reconstruction is required.
Here we show direct experimental evidence that the induced
interface charges at the AlO2/LaO/TiO2 interfaces are compensated
for by mixed-valence Ti states that place extra electrons in the
SrTiO3 conduction band. In contrast to this electronic interface
reconstruction, the AlO2/SrO/TiO2 interface is compensated by
the introduction of oxygen vacancies at the interface, an atomic
interface reconstruction. For repeated growth of polar interfaces in
LaAlO3/SrTiO3 superlattices, the cations intermix rapidly to reduce
the interface dipole energy, representing a fundamental limit on the
growth stability of multiple polar interfaces.
RESULTS
To understand the electrical asymmetry between the two interface
terminations, we examined the interfaces with atomic-resolution
electron energy loss spectroscopy (EELS) performed in a scanning
transmission electron microscope (STEM) with single atom and
vacancy sensitivity12,13. Atomic-scale measurements of composition
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interface to reduce the potential di↵erence across the LaAlO3 layers as illustrated in
Fig. ??(a). More sophisticat d theoretical propositions based on a model including the
compressibility and band alignment in addition to the electrostatic energy [Millis and
Schlom (2010)] predicts the critical thickness of LAO consistent to the experimental
data and density functional theory calcul tio s [Son et al. (2009); Chen et al. (2010)]




(N   1)Ec   2 4⇡
(N   1)Ec +  24⇡
(1.1)
estimations of the critical thickness of the insulator-to-metal transition are pre-
sented Fig. 1.5 shows the epitaxial
An rgument based on, More int resting y,
Perhaps the most wid ly st died class of artificially create stron ly c rela ed
systems is the “oxide interface”,Mannhart et al. (2008); Zubko et al. (2011) where in
appropriate circumstances the junction between two insulating materials can support
a two dimensional electron gas with interesting properti s including superconduc-
tivity Reyren et al. (2007); Biscaras et al. (2010) and magnetis Brinkman et al.
(2007); Ariando et al. (2011); B rk t al. (2011); Bert et al. (2011); Li et al. (2011).
The most widely studied system is the interface between LaAlO3 (LAO) and SrTiO3
(STO) Ohtomo et al. (2002), but variants in which the LAO is replaced by LaTiO3
Ohtomo et al. (2002); Biscaras et al. (2010), GdTiO3 Moetakef et al. (2011) or vac-
uum Santander-Syro et l. (2011) or the STO by KTaO3 King et al. (2012) have
also been studied. A wide variety of experiments and theoretical calculations suggest
that the electron gas is c nfined to within ⇠ 10 nm or less of the interface Okamoto
et al. (2006); Bristowe et al. (2009); Pentcheva et al. (2010); Biscaras e al. (2010);
Dub oka t al. (2010), resides in the STO in subbands derived from the T i t2g sym-
(a)
(d)(b)
sequence at the interface, whereas in other sam-
ples, in particular those grown under low oxygen
pressure, growth-induced oxygen vacancies in
the SrTiO3 were the dominant source of doping
(4, 5). We chose a third approach to dope the
interface. By using the electric-field effect (9, 10),
we reversibly induced the q2-DEG in LaAlO3-
SrTiO3 interfaces, providing the possibility to
tune the carrier density of the q2-DEG without
perturbing the microstructure of the interface.
For field-effect doping, it is desirable to
use interfaces that have a low carrier density
and, in the extreme case, are even insulating. For
LaAlO3-SrTiO3 interfaces, this implies limiting
possible doping by the polarity discontinuity as
well as by oxygen defects. Although doping by
oxygen vacancies is reduced if the SrTiO3 is well
oxidized, it is preferable to use ultrathin LaAlO3
layers to avoid possible doping by the polarity
discontinuity, which would dope the interface if
the flow of electrons from the LaAlO3 into the
interface is energetically favorable and kineti-
cally possible. In the polarity discontinuity mod-
el, the driving mechanism is given by the polar
catastrophe (11), which leads to an electric po-
tential, V, across the LaAlO3 that diverges with
its thickness, d. The heterostructure can avoid the
divergence of V by introducing interface rough-
ness, by moving electrons into the interface, and
by adding oxygen vacancies (11). Because the
energy needed to activate LaAlO3 electrons such
that they can move does not depend on d, this
naBve consideration suggests that d may have to
reach a critical value, dc, for the interface to
become doped and hence conducting.
To analyze the properties of the electron gas,
we fabricated and measured field effect samples
(Fig. 1) with the techniques described in (12).
To gain information on the strength of doping by
oxygen defects in our samples, we analyzed one
d 0 6 uc sample by cathodoluminescence.
Luminescence was observed with minute intensity
only: Under standard measurement conditions (4),
no indications of oxygen defects were observed.
As the measurements show (Fig. 2A), for the
interfaces to be conducting, d has to reach a
critical thickness, dc 0 4 uc. All samples with d Q
4 uc were conducting Esheet conductance (ss) ,
4 ! 10j3 ohmj1 (at 4.2 K) and ss , 2 ! 10j5
ohmj1 (at 300 K)^; all samples with d G dc,
insulating (ss G 2 ! 10j10 ohmj1 at all temper-
atures T ). The observation of a dc of 4 uc is
consistent with the observation that the conduc-
tivity of SrTiO3-LaAlO3-SrTiO3 heterostructures
is reduced if their p and n interfaces are spaced
by less than 6 uc (13).
Control measurements were performed on
samples that were patterned to have conducting
interfaces with 5-uc LaAlO3 layers in the areas in
which the contacts were placed and subcritical,
2-uc- or 3-uc-thick bridges connecting these areas.
These samples are insulating and thereby provide
evidence that the critical-thickness phen menon
is not simply caused by an effect that is generated
by the contact between the Au and the q2-DEG.
Further reference studies on samples contacted
without Ar ion–etched holes proved that the
conducting layer is not located at the surface of
the LaAlO3. The conductivity also does not occur
in bulk SrTiO3, as was reported (14) for samples
grown under less oxidizing conditions. To test for
bulk conduction, we removed the surface layer of
a conducting sample by polishing. The remaining
substrate was highly insulating.
According to Hall measurements done on the
conducting samples, their carriers are negatively
charged with mobilities of È1200 cm2 V–1 s–1
and È6 cm2 V–1 s–1 at 4.2 K and 300 K, re-
spectively, and densities n , 1013 cm–2 at all T
(Fig. 2B). These mobilities are high but lower
than the best values reported in literature (2–5),
probably because of the growth conditions used,
which were selected to obtain interfaces with
low carrier density.
Which information does the steplike de-
pendence of the interface conductance on d
provide for the doping mechanisms present in
these samples? The d dependence of the inter-
face conductance can only be accounted for by
doping from growth-induced oxygen defects, if
during sample fabrication oxygen can diffuse
well through 3-uc-thick layers but not through
4-uc-thick ones. For this case, one has to expect
that d Q 4 uc samples can be turned into in-
sulators, too, if the diffusion of oxygen through
their LaAlO3 layers is enhanced. To test this
prediction, we annealed a d 0 4 uc sample for
7 days at 400-C in 20 bar of O2. This oxidation
step did not result in an insulating interface but
reduced the conductance by a factor of 5 (at all
T ). It therefore has to be concluded that the d
dependence of the interface conductance agrees
with the behavior predicted for doping by the
polarity discontinuity, although additional dop-
ing by oxygen vacancies might still be present.
The insulating samples are well suited to gen-
erate and control a q2-DEG by the electric field
effect. Electric fields were induced across the
SrTiO3 or across the LaAlO3 by applying gate
voltages, VG,b, to backside contacts of the SrTiO3
or voltages, VG,f, to small test contacts silver-
Fig. 1. Sketch of the samples and the contact configurations [the left side of the sample sketch in
(A) is a cross-sectional cut]. The SrTiO3 substrates were 1 mm thick. Current-voltage and resistance-
temperature measurements were done with the configuration shown in (B); Hall measurements,
with the van der Pauw configuration of (C) using either the contact configuration shown in gold or
in silver. The charges listed in the lattice sketch represent the unrelaxed charge distribution.



























Fig. 2. Influence of LaAlO3 thickness on the electronic properties of the LaAlO3-SrTiO3 interfaces.
(A) Sheet conductance and (B) carrier density of the heterostructures plotted as a function of the
number of their LaAlO3 unit cells. The data show in blue and red are those of samples grown at
770-C and 815-C, respectively. The data were taken at 300 K. The numbers next to the data points
indicate the number of samples with values that are indistinguishable in this plot.























































Figure 1.8: Theoretical models and experimental data for the conducting
carriers at the interface. (a-b) The polar catastrophe for (001) interface be-
tween LAO and STO. ρ, E, and V represent sheet charge density, electric
field, electrostatic potential, respectively. (a) The unreconstructed interface
with diverging electrostatic potential V with thickness of LAO. (b) The elec-
tronic lly rec nstructed interface avoided by adding half an electron to the
TiO2 layer next to the LaO layer. From Nakagawa et al. (2006). (c) Car-
ri r density ob ained by Hall measuremen s. Bl e nd red symbols enote
samples grown at 770◦C and 815◦C, respectively. From Thiel et al. (2006).
(d) Theore ical sheet carrier de sity as a function of h number of LAO
unit cells. The solid red line and dashed green line denote the experimen-
tally me sured sheet carri r density (∼ 2×1013 cm−2) and polar catast ophe
value of half an electron per in-plane unit cell, respectively.
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sidered as doping electron to bulk STO, such as Nb doped STO or partial substitution
of Sr to La, but there are substantial differences. The additional carriers introduced
in STO are spatially separated with compensating positive charge which functions as
a confinement potential self-consistently screened by the electrons in STO. With the
confining potential, the degeneracy of the Ti-t2g orbitals is lifted due to the substan-
tial anisotropy in their dispersion, with one of the three bands dispersing much less
strongly in the direction perpendicular to the interface than the others. The relative
occupancy of the t2g orbitals labeled by symmetry (xy, xz or yz) therefore plays a
crucial role in the spatial structure of the electron gas. Defining z direction perpen-
dicular to the interface, the xy orbital is preferred in the near interface region and
xz/yz orbitals are dominantly occupied away from the interface [Son et al. (2009);
Chen et al. (2010); Delugas et al. (2011); Park and Millis (2013)]. These predictions
are consistent with X-ray magnetic circular dichroism results [Lee et al. (2013b)].
However, the details of the value and spatial extent of the charge density as well as
the subband structure and occupancy are not yet clearly understood.
Spectroscopic measurements can provide information about subband structure
and occupancy. Ellipsometry angle measurements of the LAO/STO interface have
been reported [Dubroka et al. (2010)] where characteristic dip and peak features near
the longitudinal optic phonon frequency of STO is observed (Fig. 1.9 (c)) in addition
to the low frequency inductive response from conducting carriers (Fig. 1.9 (b)). Since
it is believed that the electron gas is confined in the direction perpendicular to the
interface [Sing et al. (2009); Copie et al. (2009)], there are qualitative differences in
between the optical response of xy and xz/yz bands from the anisotropy in their dis-
persion. The features in the ellipsometry angles can be related to orbital polarization
and spatial distribution of electron gas, which will be elaborated in Chapter 2.
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charge carriers caused by oxygen vacancies are present in
the bulk of the STO substrate [4,7]. In agreement with this
conjecture, we find that the value ofNTRs ¼ 1" 1016 cm#2
is significantly higher thanNIRs ¼ 4" 1014 cm#2 since the
latter is limited by the probe depth of the IR light of pIR $
1 !m. The difference in probe depth can also explain the
discrepancy between the low-T values of !IR $
20 cm2=Vs and !TR $ 104 cm2=Vs of LS-50-ov [4] if
the carriers near the interface are more strongly scattered
on defects than the ones in the bulk.
Next we present the analysis of a Berreman mode [21]
which provides insight into the vertical concentration pro-
file of the mobile carriers [22,23]. Berreman modes arise
from a dynamical charge accumulation at interfaces of
heterostructures that is driven by the normal component
of the polarized light. Accordingly, they give rise to IR-
active dipoles and corresponding resonances near the lon-
gitudinal optical (LO) modes of the constituent materials
[24]. These features show up in the reflection coefficient rp
for parallel (p) polarization with respect to the plane of
incidence and are absent in the coefficient rs for perpen-
dicular (s) polarization. Accordingly, as shown in Fig. 3,
the signatures of a Berreman mode are well represented in
terms of the ellipsometric angle ! ¼ arctanðjrp=rsjÞ.
Figure 3(a) shows the T dependence of the difference
spectrum "! between LS-5 and bare STO. It contains a
feature with a sharp minimum around 865 cm#1 and a
broader maximum near 900 cm#1 that becomes pro-
nounced at low T. The latter corresponds to the structure
in rp near !LO of the conducting layer. The former arises
from the polarization dependence of the reflection coeffi-
cient near "1 ¼ 1. Figure 3(b) displays simulations which
show that these features in "! undergo characteristic
changes as a function of n, !, and d. For the minimum,
these parameters mostly affect the magnitude but hardly
the shape and position. For the maximum, the center
frequency strongly increases as a function of n while it
hardly changes with ! and d. The upward shift of the
maximum with respect to !LO ¼ 788 cm#1 in bare STO
thus provides a direct measure of n. A distinction between
! and d is also possible since the former (latter) gives rise
to an asymmetric (symmetric) change in the intensity of
the maximum and minimum, respectively. The result of our
analysis is summarized in Fig. 3(c) which displays the data
at 10 K together with the best fits using two different
models. The dashed line shows the case of a rectangular
profile of the electron concentration on the STO side of the
LAO-STO interface which yields Ns ¼ 5" 1013 cm#2,
d ¼ 12 nm, and ! ¼ 10 cm2=Vs. While this model does
not fully account for the spectra, it provides a first indica-
tion that the electronic charge is spread over a significant
range of at least 10 nm. The differences with respect to the
data, in particular, the missing tail towards higher fre-
quency are a clear indication that n exhibits a sizable
variation in the normal direction. As shown by the solid
line, an excellent agreement is obtained with a model that
allows for a depth variation of n. The obtained concentra-
tion profile is displayed in Fig. 3(d). We have assumed that
the profile consists of 4 sublayers where the concentration
varies linearly and that n is maximal at the LAO-STO
interface. The concentration at the boundaries between
the sublayers and their depth position was obtained by a
least square fit to the data. The stability of the fitting
procedure is outlined in Ref. [18]. The profile has a sharp
maximum at the interface with a carrier concentration of
1:3" 1020 cm#3 and a full width at half maximum of only
2 nm. In addition, it has a pronounced tail that extends to
11' 0:6 nm and contains about 2=3 of the total NIRs ¼
5:4" 1013 cm#2 (assuming m( ¼ 3:2me). The obtained
mobility amounts to !IR ¼ 34 cm2=V s. Notably, the for-
mer value agrees well with the one as derived from the
Drude response. This is especially true since additional
FIG. 3 (color). (a) Difference spectra of the ellipsometric angle, "! ¼ !ðLS-5Þ #!ðSTOÞ, showing the Berreman mode in the
vicinity of the highest LO phonon of STO. (b) Simulations of "! with a rectangular concentration profile of the conducting layer.
Shown from top to bottom (shifted for clarity) are the changes with respect to the thick solid line (d ¼ 11 nm, n ¼ 5" 1013 cm#3,
! ¼ 33 cm2=V s) upon variation of n (dashed, 2:2" 1013 cm#3, thin solid 13" 1013 cm#3), of ! (dashed 10 cm2=V s, thin solid
80 cm2=Vs), and d (dashed 6 nm, thin solid 17 nm). (c) Comparison between the data of LS-5 at 10 K (circles) and calculations
assuming a rectangular (dashed line) and a graded profile (solid lines) of the conducting layer. The corresponding data for LS-3 are
shown as squares. (d) Depth profile of n as obtained from the fit (solid line) in (c). Error bars represent 1 standard deviation.




gular concentration profile and a thickness d that is much
smaller than the penetration depth of the IR light, pIR !
1 !m; for details see Ref. [18]. Figures 1(c) and 1(d) show
the data on LS-3 and LS-50 which confirm that we are
probing the Drude response of interfacial charge carriers.
For LS-3 there is no clear indication of an inductive
decrease of !"1, while for LS-50 the magnitude of the
inductive response is similar as in LS-5. These trends agree
with a previous report that the conducting layer develops
only above a LAO thickness of 4 unit cells [3]. Finally,
Fig. 1(e) shows our data for LS-50-ov where even the bulk
of the STO substrate is known to be conducting [7].
Accordingly, its inductive response is significantly stronger
than in LS-50 and LS-5 (note the enlarged vertical scale).
The results of a quantitative analysis and the comparison
with the transport (TR) data are detailed in Fig. 2. The
Drude response is well approximated by the volumetric
average of " of the individual layers since #IR " pIR " d,
where #IR is the wavelength. The measured strength of the
Drude response is thus proportional to d!2pl ¼
NIRs e
2="0m
$, where !pl, m
$, e, and "0 are the plasma
frequency, effective carrier mass, electric charge, and di-
electric constant, respectively. NIRs is the sheet carrier
concentration probed upon reflection of the IR radiation.
Furthermore, we obtain the scattering rate $ or the electron
mobility !IR ¼ e=ðm$2%c$Þ. In addition, m$ can be de-
duced under the condition that the IR and transport mea-
surements are probing the same laterally homogeneous
electron system and thus yield the same values for NIRs
and NTRs , respectively. Figures 2(a) and 2(b) show Ns and
! of LS-5 obtained by transport (open squares) and calcu-
lated from IR data (solid circles) with m$ ¼ 3:2' 0:4me.
The latter was obtained by matching NIRs ¼ NTRs for T (
100 K and is used in our further analysi . Notably, the
value ofm$ is similar to the one of bulk SrTi1)xNbxO3 [19]
where the electrons reveal polaronic correlations. In the
latterm$ gradually decreases at low T. The increase of NIRs
at 10 K thus may be the signature of a corresponding
d cre se of m$. The sudden decrease of NTRs below
100 K likely has a different origin, possibly due to a
weak localization which affects the dc response but hardly
the IR one. The reason might be a tilting of the STO
substrate below a structural transition which has been
observed on another oxide heterostructure [20].
In comparing the different samples, we find that LS-5
and LS-50 (see also Fig. 2) have similar values of NIRs !
9* 1013 cm)2 at 10 K. This is despite a tenfold difference
in the LAO layer thickness and the fact that the samples
were grown in different conditions and growth chambers.
A significantly enhanced Drude response is only observed
in LS-50-ov where it is well established that additional
FIG. 2 (color). Comparison of the sheet carrier concentration
Ns (a) and mobility ! (b) as deduced from IR (full symbols) and
transport (TR, open symbols) measurements. The values de-
duced from the IR data were calculated using m$ ¼ 3:2me as
discus ed in the text. Error bars represent 1 standard deviation.
FIG. 1 (color). (a) Spectra of "1 (10 K) and "2 (200 K) for LS-5 (dashed lines) and bare SrTiO3 (solid lines). Insets: Magnification of
the differences. Corresponding spectra of !"1;2 ¼ "1;2 ) "1;2ðSTOÞ for LS-5 (b), LS-3 (c), LS-50 (d), and LS-50-ov (e) showing the
Drude response. Top panels show the T dependence of!"1. Middle and bottom panels show !"1 and!"2 as obtained from experiment
(symbols) and model calculations (lines), respectively.






Figure 1.9: (a) Optical spectra of ε1 (10 K) and ε2 (200 K) for LS-5 (five
layers of LAO grown on STO) in dashed lines and bare STO in solid lines.
Inset: magnification of the differences. (b) Difference in the dielectric con-
stants between LS-5 and bare STO. ∆ε1,2 is defined as ε1,2(LS-5)−ε1,2(STO).
The lines in bottom two panels are from model calculations. (c) Difference
spectra of the ellipsometric angle ∆Ψ defined as Ψ(LS-5)-Ψ(STO) in the
vicinity of a longitudinal optic phonon of STO. From Dubroka et al. 2010).
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1.2.4 Outline of thesis
In this thesis, we study electric and optical properties of titanate-based oxide het-
erostructures. The heterostructures composed of band insulating LAO and STO are
investigate in Chapter 2. We focus on the spatial structures and orbital occupancy of
the interface electron gas where a discrepancy exists between the theoretical predic-
tions and experimental measurements. Motivated by the ellipsometry angle measure-
ments by Dubroka et al. (2010), we calculate the ellipsometry angles by obtaining
optical conductivity using random phase approximation, based on a tight-binding
Hamiltonian including self-consistent screening. We find the relation between the
characteristic features observed in ellipsometry angles and the spatial structure of
the electron gas and orbital occupancy, implying the localization of electrons near
the interface.
Chapter 3 is dedicated to superlattices comprised of Mott insulating GTO and
band insulating STO. We investigate thickness dependent metal-insulator transitions
focusing on the spin, charge, and orbital ordering that induce the transitions. Unlike
band insulating LAO having nearly cubic structure, GTO is a ferromagnetic Mott in-
sulator with each titanium having d1 configuration where oxygen-octahedron rotation
is crucial to the insulating ground state. Thus, both structural effects and strong on-
site Coulomb interaction need to be properly included. In order to study ground state
properties with respect to STO thickness and on-site Coulomb interaction, we employ
a first-principles GGA+U method which is an effective tool for study structural effects
by atomic relaxation. We present structural and metal-insulator phase diagrams and
find two different insulating phases associated with distinct sublattice charge ordering
and bond disproportionation, consistent with the experimental observation.
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Chapter 2




In this chapter we investigate the electronic and the optical properties of het-
erostructures composed of LaAlO3 and SrTiO3. A wide variety of experiments and
theoretical calculations suggest that the electron gas is confined to the interface, re-
sides in STO in subbands derived from the Ti-t2g symmetry d-orbitals, and is induced
by the polar catastrophe [Thiel et al. (2006); Bristowe et al. (2009); Son et al. (2009);
Copie et al. (2009); Chen et al. (2010); Dubroka et al. (2010); Pentcheva et al. (2010);
Stengel (2011); Delugas et al. (2011)].
In the polar catastrophe scenario, an amount of charge −n0 is transferred to the
interface after the electronic reconstruction and a compensating positive charge, n0,
located in the LAO region functions as a confining potential. The transferred electrons
are distributed mainly in STO region. Defining t2g-xy orbital extending parallel to
the interface, an orbital polarization is predicted, having dominantly occupied xy
orbitals in the near interface region and yz/xz orbitals away from the interface, since
the xy orbitals have smaller dispersion in the direction perpendicular to the interface
than xz/yz orbitals [Chen et al. (2010); Delugas et al. (2011)]. Thus, the transferred
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charge n0 and the relative occupancy of the different orbitals therefore play a crucial
role in the spatial structure of the electron gas.
82 Spectroscopic Ellipsometry
we have seen in Chapter 3, the state of polarization is expressed by superimposing
waves propagating along two orthogonal axes. In ellipsometry measurement, the
polarization states of incident and reflected light waves are described by the
coordinates of p- and s-polarizations. The incident vectors Eip and Eis in Fig. 4.1
are identical to those defined in Fig. 2.15. From comparison with Fig. 2.15, it can
be seen that the directions of the electric field vectors for p- and s-polarizations
are reversed on both incident and reflection sides in Fig. 4.1, in order to make the
understanding of ellipsometry easier. When the vectors are defined by the directions
shown in Fig. 4.1, all the equations described in Chapter 2 remain the same. Notice
that the vectors on the incident and reflection sides overlap completely when ! = 90!
(straight-through configuration). In Fig. 4.1, the incident light is linear polarization
oriented at +45! relative to the Eip axis. In particular, Eip = Eis holds for this
polarization since the amplitudes of p- and s-polarizations are the same and the


















Figure 4.1 Measurement principle of ellipsometry.
As mentioned earlier, the amplitude reflection coefficients for p- and
s-polarizations differ significantly due to the difference in electric dipole radiation
(see Section 2.3). Thus, upon light reflection on a sample, p- and s-polarizations
show different changes in amplitude and phase. As shown in Fig. 4.1, ellipsometry
measures the two values "#$%& that express the amplitude ratio and phase difference
between p- and s-polarizations, respectively. In ellipsometry, therefore, the variation
of light reflection with p- and s-polarizations is measured as the change in
polarization state. In particular, when a sample structure is simple, the amplitude
ratio # is characterized by the refractive index n, while % represents light absorption
described by the extinction coefficient k (see Section 5.1.1). In this case, the two
values "n$k& can be determined directly from the two ellipsometry parameters
"#$%& obtained from a measurement by applying the Fresnel equations. This is the
basic principle of ellipsometry measurement.
The "#$%& measured from ellipsometry are defined from the ratio of the
amplitude reflection coefficients for p- and s-polarizations:
' ≡ tan # exp"i%& ≡ rp
rs
"4.1&
Figure 2.1: Schematics of ellipsometry angle measurements. The plain of
incident is defined as the plane containing the surface normal and the prop-
agation vector of the incoming light. The symbol E, r, n, k, and θ denote
electric field, reflectivity, the real part of the refractive index, the imaginary
part of the refractive index, and the incident angle, respectively. The sub-
script i, and r represent the incoming light and reflected light, respectively.
The s and p are for s- and p-polarized light, respectively. For incident light,
the both s- and p- components have the same amplitude and phase. The
ratio of the reflectivity of p- to s-polarized light is expressed with two real
numbers Ψ and ∆, satisfying rp/rs = tan(Ψ)e
i∆. From Fujiwara (2007).
As discussed in Sec. 1.2.3, the a sheet carrier density predicted by polar catastro-
phe scenario is about 0.5 lect on per in-plane unit c ll. However the carrier density
inferred from Hall effect and other transport measurements is typically one order of
magnitude less than the number theoretically expected from polar catastrophe [Thiel
et al. (2006)], although high energy photoemisson measurements yield numbers more
nearly consistent with theory [Sing et al. (2009)]. Moreover the spatial extent of
the electron gas inferred from the magnetic field dependence of the superconducting
properties [Ben Shalom et al. (2010)] is ∼ 10-20 nm whereas band theory calcula-
tions [Son et al. (2009); Chen et al. (2010); Delugas et al. (2011)] predict that most
of the electrons are substantially closer to the interface. The amount of transferred
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charge and its spatial structure depend on the properties of LAO and STO such as
dielectric constants, defect states of LAO, and oxygen vacancy/interstitials, but the
discrepancy in the electron density from the theories and experiments is far greater
than these effects. How the carriers are partitioned between t2g subbands and the
spatial structure of the electron gas are not yet clearly understood.
Ellipsometry measurements provide the information of the conductivity tensor
by measuring the ratio of the reflectivity of p-polarized light (parallel to the plain of
incident) to s-polarized light (perpendicular to the plain of the incident) as illustrated
in Fig. 2.1. With electron gas confined to the interface, the reflectivity of in-plane
and out-of-plane electric fields depend on the current correlation function of in-plane
motion and of out-of-plane plasma oscillations, respectively. As in Fig. 2.1, the electric
field of the s-polarized light is entirely parallel to the interface and that of the p-
polarized light has components both parallel and perpendicular to the interface. Thus,
the ellipsometry angles provide information about in-plane and out-of-plane motion of
the electrons as well as symmetry breaking between them, described by the differences
in the amplitude and phase of the reflectivity ratio defined as Ψ = arctan(|rp/rs|) and
∆ = arg(rp/rs).
In LAO/STO heterostructures, the dielectric tensor is dominantly contributed
from the strong optical phonon of STO which is believed to be isotropic and there
is small contribution from the interface electron gas [Dubroka et al. (2010)]. From
the anisotropy in the dispersion of t2g orbitals, electric fields parallel to the interface
induce the Drude response from intraband transitions of partially filled t2g bands
while those perpendicular to the interface induce the plasmonic response from the
intersubband transitions of xz/yz bands. Thus, the reflectivity for s-polarized light
includes the Drude response while the reflectivity for p-polarized light has both the
Drude and plasmonic responses.
Taking the ratio rp/rs eliminates the complex structures of the reflectivity from
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Effect of electronic response to reflectivity and ellipsometry angle
• Ellipsometry angles get rids of sharp structure 
near the plasma edge (Re[εS0]=ε0) of STO.

!
• Taking difference of ellipsometry angle:  
dip and peak structures.
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and eigenvalue index m running from 1 to 3N and wave-
functions  mi(k) with layer index i are obtained by min-
imizing the total energy with charge self-consistency at
the Hartree level. The bottom figure shows the charge
density and self-consistent potential for a several layers
of TiO2 planes. We can see the clear di↵erence in the
distribution of orbitally decomposed density due to the
anisotropic dispersion of t2g orbitals in which most of the
electrons in xy bands are located in the first and second
layer whereas xz/yz electrons are delocalized over about
z ⇠ 20d (⇠ 8nm).
Fig. ?? shows the band structure for polar charge den-
sity of n0 = 0.3. There are many occupied xy bands and
singly occupied yz and xz band where the number of oc-
cupied yz/xz bands is one or at most two (with very small
occupation) for reasonable dielectric constants and polar
charge density. In addition, we can see the e↵ect of the
anisotropy in hopping; the xy bands lying much lower
in energy due to their lack of dispersion in z direc ion
and the dispersion-less yz bands in x-direction. These
di↵erences between xy and yz/xz bands a↵ect the opti-
cal excitations (q ! 0) of the interface electron gas. For
electrons in xy bands, the lack of dispersion in z direc-
tion only allows intra-band transitions (Drude type) by
in-plane electric field. In contrast, xz(yz) electrons can
both contribute to intra-band transitions in the electric
field in x(y) direction and to inter-subband transitions
between the singly occupied state and empty states by
out-of-plane electric fields. Therefore, the reflectivity for
s  and p  polarized light in which electric field is en-
tirely parallel to the interface for s polarized light, we
can expect the di↵erence in the optical responses between
them.
With obtained dispersion, we calculate conductivity
tensor using self-consistent linear response (RPA) theory
and relaxation time approximation[26] for the e↵ect of
impurity. For optical transitions, the resulting conduc-
tivity tensor can be written as
 ̂ij =  
k
i  ij(x̂x̂ + ŷŷ) +  
?
ij ẑẑ , (6)
where  
k
i (!) and  
?
ij(!) are related to the response of in-
terface electron gas from in-plane and out-of-plane elec-
tric field, respectively. Du to the broken translation
symmetry in the direction perpendicular to the interface,
 ?ij is non-local.
Since thickness of LAO layers are much smaller than
the wavelength of the incident light, we can ignore the
e↵ect of the LAO layers in optical transitions. Given
the conductivity tensor and bare dielectric constant ✏0S
including the response of the optical phonon of STO,
we can solve relevant Maxwell equations in a long wave-
length limit[27, 28] and obtain the reflectivity for s  and

























+ O(↵2F ) , (8)
respectively, where ✏0 is vacuum dielectric constant, ↵F
is fine structure constant, Ec is charging energy e
2/d. r0s
and r0p are reflectivity of s  and p  polarized light with-
out interface electron gas, and ✓ is incident angle. The
contribution from the interface electron gas in Eq. (7) is










representing Drude response from the electric field par-
allel to the interface where nk is defined as nxy + nxz,
and nµ=xy,xz,yz is orbital-decomposed number of elec-
trons per in-plane unit cell.   is th scattering rate. We
have used the symmetry between yz and xz bands from
cubic symmetry. For rp we have both in-plane and out-
of-plane electric fields and the latter induces the longitu-











where m0 is the index of lowest lying xz band,








|i   j| ⇤mi(0) m0j(0), and the polarization bub-
ble Pmm0 and the conductivity  
?
m are defined as
Pmm0 =  mm0
2n?(✏0m   ✏0m0)






respectively with n? = nxz + nyz.
We define the di↵erence in ellipsometry angles   
with and without interface electrons defined as
  = tan 1(|rp/rs|)   tan 1(
  r0p/r0s
  ) . (12)
By taking the ratio between the reflectivity of p  and
s  polarized light, we can get rid of the complicated
structure fro the optical phonon of STO and moreover
by taking the di↵erence, we can extract the contribution
from interface electron gas. Fig. 3 shows   for three
di↵erent polar charge density n0 = 0.1, 0.2, and 0.3. Two
main features- the dip at !pe defined as the frequency in
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Figure 2.2: Reflectance and ellipsometry angle Ψ near a longitudinal optic
phonon frequency (' 0.1 eV) of the STO (a) for bare STO and (b) for a
LAO/STO heterostructure with conducting carriers. r0i (i = s, r) represents
the reflectivity of bare STO surface. (c) Difference between the ΨLAO/STO
and ΨSTO showing a dip near the LO phonon frequency of STO and a high
frequeny peak.
2. Charge density distributions and optical responses of LaAlO3/SrTiO3 interface22
the optical phonon of STO and we can obtain the information of electronic responses
from the structure of the ellipsometry angles. As in Fig. 2.2, the complex structure
from the longitudinal optic (LO) phonon of STO disappears by taking a ratio, rp/rs.
There are two contribution from the conducting carriers: a dip near LO frequency of
STO and a relatively weak peak in high frequency which can be seen by taking the
difference between the ellipsometry angles of the heterostructures and the bare STO
as in Fig. 2.2 (c). These features can be related to the amount of the charge transfer
n0, t2g orbital occupancy, and scattering rate.
In this chapter, we employ a minimal tight binding model to describe the subband
structure and occupancy of electrons at a polar interface. Our model includes charge
self-consistency at the Hartree (self-consistent screening) level and the spatial and
frequency structure of the dielectric constant of the host material as well as the orbital
degeneracy of the t2g levels that host the relevant electrons. The subband structure
and occupancies are computed as a function of the magnitude of the polarization
charge at the interface. We find that most of the added charge goes into bands
derived from dxy orbitals which lie very close to the interface, but that an important
contribution to the density of charges far from the interface comes from electrons in
the lowest-lying dxz/yz-derived bands and that the form of the long distance charge
distribution reflects the spatial structure of the lowest subband wave function. The
dielectric tensor is then calculated within the random phase approximation (RPA) and
is used in a solution of the relevant Maxwell equations to obtain expressions for the
response to incident radiation polarized parallel and perpendicular to the interface.
The results are expressed in terms of reflectivity spectra and ellipsometry angles. The
relation of the ellipsometry angles to the charge density, subband occupancies, and
in-plane conductivity is determined.
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2.2 Formalism
2.2.1 Tight-binding model and self-consistent Hartree ap-
proximation
In this subsection, we introduce a tight-binding model describing the electronic
structure of electrons at an oxide interface. While our specific motivation is the
electronic properties of the LAO/STO interface, the basic physics we address is that
of electrons in t2g-derived bands of a transition metal oxide material confined by a
Coulomb potential arising from a charge sheet. We therefore believe our results apply
also to the STO/vacuum [Santander-Syro et al. (2011)], GTO/STO [Moetakef et al.
(2011b)] and (with appropriate modifications) to the LAO/KTaO [King et al. (2012)]
systems. Extension to systems with eg derived bands would be straightforward but
is not considered here.
Bulk LAO and STO are insulators with band gaps of about 5.6 eV and 3.2 eV,
respectively [van Benthem et al. (2001); Lim et al. (2002)]. They crystallize in forms
which are small distortions of the standard ABO3 perovskite structure and we use
the simple perovskite notation with axes (001), (010), (100) aligned along the B-O
bonds to indicate directions. We consider the most common experimental situation,
in which an (001) interface of a very large STO crystal is capped with some number
M of layers of LaAlO3 in the same crystallographic orientation. When viewed along
the (001) direction, LAO is polar and if the interface is such that the TiO2 plane of
the STO adjoins the LaO plane of the LAO then basic electrostatic considerations
[Nakagawa et al. (2006); Mannhart et al. (2008); Millis and Schlom (2010)] suggest
that in the idealized situation of perfectly aligned defect-free materials, the electric
fields caused by the polar character of the LAO induce an interface electron gas
[Ohtomo and Hwang (2004); Nakagawa et al. (2006); Mannhart et al. (2008)].
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The areal charge density of the induced electron gas vanishes if the number of
capping layers M is less than a critical value of order 2 − 4 and for M greater than
this critical value the areal charge density increases, eventually asymptotic to the value
0.5 electrons per in-plane unit cell. Theory [Bristowe et al. (2009); Millis and Schlom
(2010)] and experiment [Nakagawa et al. (2006)] indicate that the critical M at which
charge first appears, the thickness beyond which the induced charge becomes close to
the theoretical asymptotic value and indeed the asymptotic value itself depend on the
dielectric properties of host (STO) and overlayer (LAO) material, on the chemistry
of the free surface of the LAO (which controls the energetics of the compensating
charges) and on density of charged defects such as O vacancies or interstitials. For
our purposes it is enough to model the polar interface as a semi-infinite block of
STO, terminated in the (001) direction by a sheet of positive areal charge density.
The magnitude en0/d
2 of the areal charge density (d2 is the area of a unit cell.) is
a parameter of the model, and we consider a range of values between n0 = 0 and
n0 = 0.5.
In the polar catastrophe scenario, for thick enough polar over layers, a charge of n0
is transferred from the STO region to the outer boundary of the polar overlayer. The
compensating electronic charge density −n0 is trapped near the interface by a poten-
tial which has a contribution V = 4πe2n0z/εd
2 from the charge at the outer boundary
of the polar over layer. This potential is reduced by the scale dependent dielectric
parameter of STO and by screening from the interface electrons. In this situation the
in-plane crystal momentum is a good quantum number while an orbital-dependent
subband structure describes the motion perpendicular to the plane. We treat this sit-
uation using a self-consistent Hartree approximation. The band alignments of LAO
and STO are such that it is energetically preferable to accommodate the trapped
electrons in the STO [Nakagawa et al. (2006); Mannhart et al. (2008); Bristowe et al.
(2009); Pentcheva et al. (2010)], in bands derived from the t2g (dxy,yz,xz) orbitals of
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the Ti. We model these bands in terms of a tight binding model with three orbitals
per unit cell and only nearest neighbor hopping. The nearest neighbor-only hopping
assumption implies that the orbitals are not mixed on the single-particle level, and
moreover implies that electrons in the xy-derived bands move only in the xy plane
etc. This drastically simplifies the ensuing theoretical treatment. In the actual band
structure, small farther neighbor hopping terms exist which mix the orbitals. How-
ever, the effects of these terms are small and do not affect our main conclusions, which
have to do with charge distributions and average optical responses, in any important
way.























where k is the in-plane momentum, i and j are plane indices, l denotes orbital in-
dices, tlij(k) represents the hopping between Ti atoms (orbitally diagonal, within our
assumptions), V Hi [n] is the self-consistent Hartree potential arising from the electron
density n, and V Lati represents the external potential from the polarization charge.
The physically relevant situation is of an extremely large number of layers; we con-
sider a large but finite number, typically 80. Differences between our results and other
published solutions [Delugas et al. (2011)] may be traced to differences in number of
layers retained.
Because we are interested in low electron densities per orbital we approximate the
hopping matrices tlij(k) as
txyij (k) = td
2|k|2δij
tyzij (k) = td
2k2yδij − t(δij−1 − 2δij + δij+1) ,
txzij (k) = td
2k2xδij − t(δij−1 − 2δij + δij+1) , (2.2)
2. Charge density distributions and optical responses of LaAlO3/SrTiO3 interface26
Here we have made the small k approximation to the dispersion and observe that cor-
rections to the orbital-diagonal nearest-neighbor-only hopping approximation appear
only to higher order in k. d is the distance between two Ti atoms (any difference
between the in-plane and transverse Ti-Ti distance is irrelevant for our purposes and
is neglected). We set t = 0.34 eV .
The spatial dependence of the potential arising from the polar charge and the
self-consistent field of the electrons is complicated by the large and strongly scale-
dependent behavior of the dielectric function of STO [Christen et al. (1994); Hem-
berger et al. (1995); Stengel (2011)]. Within our tight binding approach we associate
electrons with Ti sites and the dielectric function becomes a link variable, depending
on the distance of a given Ti−Ti bond from the interface. The potential arising from










with εjj+1 the dielectric constant appropriate to the region between the Ti-site in
plane j and the Ti site in plane j + 1. The values εjj+1 of the dielectric function
are considered as parameters that are fitted by comparing the resulting density with
existing DFT results [Chen et al. (2010)].
Similarly, the Hartree potential V H,li is written as











where nj represents the charge per unit cell in the j
th TiO2 plane, given as nj =






qj〉. Charge neutrality implies n0 =
∑
i ni. We note that the
Hartree potential has no dependence on in-plane momentum in this approximation.
.
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The charge densities are obtained from the solution of the self-consistent Hartree
equations; this is greatly simplified by the orbital-diagonal and nearest-neighbor-only















for ψlnj(k) and ε
l









with the Fermi-Dirac distribution function, fF (ε
l
qn) and chemical potential chosen so
that the total electronic charge per in-plane unit cell equals the polar charge n0.
Three features of the equations warrant comment. First, the spectrum involves
both bound (to the interface) and unbound eigenfunctions. Second, because in our
formalism the xy orbital disperses only in the plane parallel to the interface the nth
xy band involves carriers in plane n (measured from the interface) and has minimum




n . At long distances from the interface the binding energy
tends exponentially to zero with Thomas-Fermi decay length set by the long-distance
behavior of the dielectric constant and by the hopping t. The very large value of
the STO dielectric constant means that this length is in practice very long. Third,
the xz/yz eigenfunctions are delocalized over many planes, and as we shall see in
reasonable cases only one bound-state subband is occupied.
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2.2.2 Current correlation function and dielectric tensor
In this subsection, we calculate the current correlation function using self-consistent
linear response (RPA) theory applied to the Hamiltonian of the previous section. We
relate the obtained response functions to the transverse dielectric tensor and use
them to calculate the reflectivity of the electron gas at the interface. In deriving the
current correlation function, we assume that the impurity scattering may be treated
within the relaxation time approximation, i.e. may be modeled by a frequency and
momentum-independent scattering time τ [Mermin (1970)]. The resulting formula
gives valid results both in diffusive (ω  1/τ) and collision-less (ω  1/τ) regimes.
The response functions depend on the polarization of the incident light, in other
words on the direction of the applied electric field with respect to the plane of the
interface. For in-plane electric fields, screening effects are negligible as are interband
transition matrix elements (the small further-neighbor hopping terms neglected in our
theory would give weak and unimportant interband terms). The response is therefore
a standard Drude response in which each occupied subband contributes in parallel.
Because the yz (xz) band does not disperse in the x (y) direction, the x-direction (y-
direction) current has contributions only from the xy and xz (xy and yz) orbitals.
Therefore for the in-plane response we can expect that we can obtain information
concerning the orbitally resolved electron density per in-plane unit cell, nxy + nxz or
nxy + nyz, as well as the in-plane conductivities.
The electronic response from out-of-plane electric fields arises only from the xz/yz
bands because in our approximation the xy orbitals have only in-plane dispersion.
Unlike the case of in-plane electric field, interband transitions (principally to unbound
states) are important. In the physically relevant situation of an effectively infinitely
thick STO substrate, the unbound states form a continuum. In our actual calculations
we use a finite system with a large number N (typically 40-80) of STO layers but
the modest impurity-induced broadening that we include means that our calculated
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results are a continuum whose form has negligible dependence on N and broadening.
Computations of the optical response require the gauge invariant current operator,
which is obtained by inserting the vector potential A into the Hamiltonian in the
usual minimal coupling way and expanding to zeroth and first order in A leading to




















































where the factor 2 in each equation is from the spin degeneracy, cqm is an anni-




mi, the A is the vector potential, c is the speed of light, the ‖ and ⊥ de-
note the in- and out of- plane directions and the superscripts p and dia represent the
paramagnetic and diamagnetic contributions to the current, respectively. Because
the hopping and hence the current is orbital-diagonal we have not explicitly denoted
the orbital index here; this information is included in the eigenvalue index m runs
from 1 to 3N with N the number of TiO2 layers included in the calculation including
the orbital index. The current in z direction is properly defined as a link variable; we
use i+ 1
2
to denote the link between the ith and (i+ 1)st plane. The current depends
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upon the wave functions; this information is encoded in the functions
















F jm′m . (2.9)
To obtain the expression for Q we have used Eq. (2.5). An important simplification




m′m are independent of in-plane momentum q since eigenvectors ψmi for eigenvalue
εqm are the same for all value of q and the difference between two eigenvalues with
the same q is independent of q.
We adopt the gauge in which the scalar potential vanishes and the vector potential
is related to the electric field as A = c
iω
E and initially consider the clean limit in which
the impurity scattering time τ → ∞ so that the problem is translation-invariant in
the plane of the interface. Linear response theory then yields the paramagnetic and






fF (εm′k)− fF (εmk+q)
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where the factor 2 in σ̂pij is due to the spin degeneracy, N2D is number of unit cells
in the plane, η is an infinitesimally small positive number, and nm is defined as
〈2∑q c†qmcqm〉 including spin degeneracy.
We note that in the limit of q → 0, the off-diagonal tensor components such as
x̂ŷ vanish since σ̂pij(q, ω) = −σ̂pij(−q, ω). Moreover for xy bands, the clean limit
assumption which will be relaxed later means that the conductivity comes only from










































































where we use the symmetry between xz and yz orbital, take the index m to run
over the eigenstates of xz orbital and assume that only the lowest yz and xz band,
denoted as m0, is occupied (this will be discussed in more detail below). Therefore
nm0 becomes the number of electrons in yz (or xz) bands per in-plane unit cell






mm which is the number
of electrons per in-plane unit cell in xy band located at ith layer and
Pmm0(ω) =
2∆mm0
ω2 −∆2mm0 + iη
, (2.12)
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exploiting ψ∗mi = ψmi. Combining paramagnetic and diamagnetic terms, we obtain





































We note that the resulting conductivity can be separated into “local” (i.e. layer-
diagonal) (superscript L) and non-local (layer changing) (superscript NL) contribu-
tions as σ̂ij = σ̂
L
i δij + σ̂
NL






































































i )/d for local conductivity, and introduce Ω
2




−∑ij=1 F jmm0 for non-local conductivity with the use of Eq. (2.9). For electric field
independent of layer index (as is the case for radiation polarized parallel to the in-
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= 0) and thus for optical transitions,
we can ignore the first term. Then the structure of the conductivity tensor becomes
much simpler: the in-plane response is given by the sum of the Drude conductivities
of each layer and the out-of-plane response is from inter-subband transitions. The




We now include impurity scattering within the relaxation time approximation





0 defined as the bare
dielectric constant without interface electrons, we obtain the transverse dielectric
























ω2 −∆2mm0 + iω/τ
. (2.17)
In the regime where ω  1/τ , the dielectric response in the direction perpendicular
to the plane is characterized by a series of inter-band peaks broadened by δω ∼ 1/2τ .
On the other hand, for ω  1/τ , we have diffusion poles where the imaginary part
of dielectric function goes to zero in the limit of ω → 0. In Eq. (2.16) we find that
dielectric tensor in the direction perpendicular to the interface is finite in the limit of
ω → 0, while for in-plane direction it is proportional to 1/ω. This comes from the our
assumption that electrons at the interface are confined in the direction perpendicular
to the interface but may propagate freely in the plane of the interface.
The calculations of the reflectivity spectra in the next section require the inverse
of εzzij . From the expression in the Eq. (2.16), we can write the inverse of the dielectric
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tensor as
εzz−1ij ε
































+ · · ·







































































With the definition ε0[∆εzz]−1ij = ε





















and E0C is a bare charging energy defined as 4πe
2/d. In the following section we show
that (ε0(ω))2[∆εzz(ω)]−1ij functions as an effective dielectric constant in the expressions
for the reflectivity. We also note that the poles of density correlation function Πmm′
in Eq. (2.21) represent the inter-band plasmon excitations. These are shifted from
the inter-band transition energy due to the Coulomb interaction.
If the perturbing electric field is very smooth compared with the system size, it is
reasonable to approximate [∆εzz(ω)]−1ij '
∑
ij[∆ε
zz(ω)]−1ij ≡ 〈〈∆ε−1zz (ω)〉〉, implying














= 〈m0|z|m〉 which is the dipole matrix element between
the ground and excited states. Thus in the long-wavelength limit, we can expect that
the structure of (ε0(ω))2〈〈∆ε−1zz (ω)〉〉 depends on plasmon poles and the dipole matrix
element between occupied and excited states.
In order to investigate the characteristics of plasmon excitation, we calculate
(ε0)2〈〈∆ε−1zz 〉〉 from the solution of self-consistent Hartree equation (Eq. (2.5)) by
assuming typical values for the static dielectric constant {εjj+1} which will be dis-
cussed in Section 2.3. For simplicity we set ε0(ω) as a constant value (ε0 ≡ 5.1)
that is the high frequency limit of the dielectric constant of STO. Fig. 2.3 shows the
imaginary part of the (ε0)2〈〈∆ε−1zz 〉〉 for polar charge density n0 of 0.1, 0.3, and 0.5
electron per unit cell. We can see a well-defined peak for all three cases. The peak
energy becomes higher and the peak width become broader as polar charge density
increases. In following sections, we will show that this plasmon excitation produces
high energy features in ellipsometry angles.
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Figure 2.3: Imaginary part of the (ε0)2〈〈∆ε−1zz (ω)〉〉 for polar charge density
of 0.1, 0.3, and 0.5 electrons per in-plane unit cell. For simplicity we set as
a constant ε0 = limω→∞ ε0S(ω) = 5.1 where ε
0
S(ω) is the dielectric constant of
bulk STO. The scattering rate is set to 1/τ = 40 meV for all three cases.
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2.2.3 Reflectance and ellipsometry spectra
In this subsection, we obtain formulae for reflectivity by solving Maxwell’s equa-
tion using electromagnetic Green functions [Dahl and Sham (1977); Bagchi et al.
(1979)] and the dielectric function obtained in the previous subsection. We consider
two types of incident radiation: s-polarized, where the incoming and outgoing elec-
tric fields are both parallel to the interface plane and the orthogonal p-polarization
in which we have both in-plane and out-of-plane components of electric fields.
From the Maxwell equation, we can write the differential equation for the electric
field and current density as














By introducing the dielectric tensor ε̂(ω, r, r′) = ε̂0(ω, z)δ(z − z′) + ∆ε̂(r, r′) and











d3r′∆ε̂(ω, r, r′)E(ω, r′) . (2.25)
In Eq. (2.25), the contribution to the dielectric tensor of the interface electrons is
denoted as ∆ε̂(ω, r, r′). It is in general non-local in space but vanishes in regions
where the electron density vanishes. We assume that the other contributions, such
as phonon modes in STO, are local in space and are included in ε̂0 and define the
bare dielectric constant of LAO/STO heterostructures as ε0(ω, z) = ε0L(ω)1̂ for z < 0
(i.e. in the LAO region) and ε̂0(ω, z) = ε0S(ω)1̂ for z > 0 (i.e. in the STO region). In
addition, we can write the electric field components as E(ω, r) = E(ω, z)eiQ·ρ−iωt with
in-plane wave vector Q and position ρ where |Q| =
√
ε0Lω sin θ/c with incident angle
θ. In the rest of this section we will omit the frequency dependence in the expressions
for the electric fields and dielectric constants for simplicity. Solving the Eq. (2.25) is
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similar to solving a scattering problem where we have non-local dielectric function in
the place of the scattering potential and we can write the general solution as [Bagchi
et al. (1979)]











Ĝ(z, z′) = 1̂δ(z − z′) , (2.27)






E0(z) = 0 . (2.28)
The explicit expression of Ĝ and E0 for s- and p-polarized lights are presented in
Appendix A.
For s-polarized light, the incoming and outgoing electric fields are both perpen-
dicular to the plane of incidence and we take the direction of the electric field to be







dz1dz2 Gyy(z, z1)∆εyy(z1, z2)Ey(z2) .
(2.29)
Given the system size L ∼ 10nm, the wave number times system size kL is estimated







|  1, where αF is the fine structure constant. This means
that neither the Green function nor the electric field changes significantly in the region






Gyy(z, 0)〈〈∆εyy〉〉Ey(0) , (2.30)














2t(nxy + nyz)/d. We note that in the clean limit
only diamagnetic terms contributes to the approximated dielectric tensor since the
non-local terms give a contribution of the order of (kL)2. Therefore, we expect a
Drude response of the interface electrons for s-polarized light. By substituting z = 0





























where r0s is the reflectivity without interfacial electrons which is
q−k
q+k
, and q and k
are wave vectors in z-direction for z < 0 and z > 0 defined as ω
√
ε0L cos θ/c and
ω
√























We note that the reflectivity becomes −1 in the low frequency limit and r0s in the
high frequency limit as expected.
For p-polarized incident light, we have both in-plane and out-of-plane components
of electric fields. Assuming that the electric field is in the plane of incidence (xz plane),
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Using that the displacement field, defined as D0z(z) = ε
0(z)E0z (z), is continuous across





















−G′zz(z, z1)ε0(z1)∆ε−1zz (z1, z2)Dz(z2)
]
, (2.35)
where we have used





By applying the same approximation as in the s-polarization case (Eqs. (2.30) and
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in which the dielectric properties of the materials are encoded in the two functions
〈〈∆εxx〉〉 (defined in Eq. (2.31)) which captures the in-plane Drude conductivity and
〈〈∆ε−1zz 〉〉 (defined in Eq. (2.23)) which represents the plasma excitation. Substituting
z = 0 leads to coupled equations for Ex(0) and Dz(0) that can be easily solved. By
substituting the solutions back into Eq. (2.37), we can get the reflectivity rp defined
as
Ex(z) = e
iqz − rpe−iqz . (2.38)


























































. From rs and rp, we obtain the ellipsometry angles Ψ and ∆ defined
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as
Ψ = tan−1(|rp/rs|) (2.40)
and
∆ = arg(rp/rs) . (2.41)
2.3 Results: Electronic Structure
In this section, we present the electronic structure obtained from the solution of
the self-consistent Hartree equations, with a focus on the dependence of the subband
structure and the charge distribution on the value of the polar charge n0.
A solution to the self consistent equations requires values for the static dielectric
function between the different planes. We estimate these by fitting our calculated elec-
tron density to that obtained from DFT calculations including full lattice relaxation
[Chen et al. (2010)]. We obtain {εii+1} = {75, 350, 1000, 2000, 3000, 5000, 5000, ...}
where we assign 5000 for i greater than 6 because our results turn out to be insensi-
tive to the precise values of the dielectric constant, especially far from the interface,
as long as these are large. The increase of the dielectric constant with increasing
distance from the interface may be understood as a nonlinear effect arising from the
electric field dependence of ε [Hemberger et al. (1995); Stengel (2011)]: near the inter-
face the internal electric fields are large, thus reducing ε whereas at longer distances
the fields rapidly decrease, allowing ε to approach the very large value appropriate to
bulk STO.
The calculations of Chen et al. (2010) were performed for a situation correspond-
ing in our notation to polar charge equal to 0.5 per in-plane unit cell. For smaller
2. Charge density distributions and optical responses of LaAlO3/SrTiO3 interface43
polar charges one expects weaker electric fields and therefore larger ε. In all of our cal-
culations, however, we used the same effective dielectric constant for all polar charge
densities since we find that the change in the dielectric constants fitted for smaller
polar charge density is not drastic and the characteristic features of electronic struc-
ture do not crucially depend on the detail of dielectric constants. Moreover, fixing ε
allows us to isolate the effect of changing polar charge on the electronic structure.
Fig. 2.4 shows the band structure and charge density distribution of interface
electrons for three different polar discontinuities. The self-consistent Hartree equation
is solved for 80 TiO2 layers and we found that as long as the number of layers was
taken to be greater than 40 the results are essentially independent of layer number.
(As the number of layers goes to infinity negligibly small occupancies of higher xz/yz
subband may appear.) For the n0 = 0.5 case the results are consistent with published
band structure calculations [Chen et al. (2010)].
The right hand panels of Fig. 2.4 show the total and orbitally resolved charge
densities. As expected, the charge is confined to the near interface region and the
occupations of the xy and xz/yz orbitals are inequivalent because of the symmetry
breaking arising from the interface. There are three spatial regimes of charge distri-
bution: a very large peak (arising physically from the xy orbitals) coming from the
plane nearest the interface, an intermediate regime (z . 30d) with a slow spatial de-
cay and an appreciable contribution from the xz/yz orbitals (whose charge density in
the very near interface regime is suppressed by wave function effects), and a far regime
with a very small charge density, exponentially decaying with z and indistinguishable
from 0 in the Fig. 2.4. The bulk of the charge is accommodated within ∼ 5− 10nm
(z ∼ 10− 25d) of the interface, in agreement with experiments. The spatial extent of
the charge distribution depends on the magnitude of the polar charge, being largest
for smallest polar charge and reflecting the strength of the confining potential. For
all of the cases we have examined, about 30% percent of the electrons ( 50% of the
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Figure 2.4: Left panels: Electronic structure of interface electrons for the
polar charge of (a) 0.1, (c) 0.3, and (e) 0.5 electrons for unit cell. Inset:
magnification of lower lying yz and xz bands. Right panels: Charge density
profiles corresponding to the three situations shown in the left panels. Inset:
Fermi surfaces for the three cases. The amount of electrons occupied in xy
and xz/yz bands are about 0.07 and 0.03, respectively, for the polar charge
of 0.1 electrons per unit cell, 0.17 and 0.13 for 0.3 polar charge, and 0.24 and
0.26 for 0.5 polar change.
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xy electrons) are located on the first layer.
The left hand panels display the subband energies as functions of in-plane mo-
mentum in the x and y directions. The dxz/yz bands are distinguished by their lack
of dispersion along y and x respectively. For polar charge less than n0 ∼ 0.04 (not
shown) only xy bands are occupied. For larger n0, only one xz and one yz band is
occupied except for a narrow range of n0 very near 0.5 where there is a very small
occupancy of the second xz and yz subband. Thus the z dependence of the xz/yz
contribution to the charge density shown in the right hand panels arises almost en-
tirely from the z dependence of the subband wave function. On the other hand a very
large number of xy bands are very slightly occupied, and it is these bands which give
rise to the very small Thomas-Fermi tail of charge density extending very far from
the interface.
2.4 Ellipsometry Angles
In this section, the optical response of the interface electrons is presented in terms
of ellipsometry angles, which are a convenient experimental quantity because they per-
mit a straightforward subtraction of the substrate and overlayer effects. In particular,
even in the absence of an electron gas the optical properties have features associated
with reflection from the LAO-STO interface. This structure is complicated by the
very strong optical phonon of STO, which leads to strong frequency dependence of
the STO dielectric constant, which is such that at one particular frequency the optical
constants of LAO and STO nearly match and transmission through the interface be-
comes nearly perfect. Consideration of changes in ellipsometry angles (defined more
precisely below) allows these effects to be efficiently normalized out. The characteris-
tic features of ellipsometry angles are identified and we will relate them with physical
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properties of the system such as charge density, orbital occupancy, and scattering
rates.
In section II C, we derived expressions for the reflectivity of s- and p- polarized
incident light. For s-polarized light, the electric field is purely transverse and in-
plane, so in the experimentally relevant long-wavelength limit, rs represents the in-
plane Drude response of the interface electron gas. For p-polarized incident light
with both in-plane and out-of-plane components of electric field; the breaking of
translation invariance in the out-of-plane direction means that charge fluctuations
are induced and the longitudinal response is relevant: the reflectivity contains both
Drude and inter-band plasmonic responses. Even in the absence of interface electrons
rs and rp have structure associated with the STO optical phonon. In the absence of
interface electrons, forming the ratio rp/rs removes this structure leaving a smooth
behavior. Thus, by comparing the ratio |rp/rs| with the interface electrons to the
one without electrons, we can differentiate the responses of interface electrons from
those from optical phonon. Ellipsometry experiments determine Ψ = tan−1(|rp/rs|)
and ∆ = arg(rp/rs) simultaneously. Thus, calculating the difference ∆Ψ between the
ellipsometry angles with and without interface electrons enables us to investigate the
properties of that electron gas at the interface.
Fig. 2.5 presents our results as difference in ellipsometry angles ∆Ψ with and
without interface electrons for three different polar discontinuity of 0.1, 0.3, and 0.5
electrons per unit cell. There are two main features in the ellipsometry spectra. One
is a dip (highlighted in the left inset of Fig. 2.5 (a)) approximately at the plasma edge
frequency ωpe where the real part of dielectric constant of STO becomes the same as
the dielectric constant of LAO (assumed as the same as vacuum dielectric constant)
and the other is a relatively broad peak at (highlighted in the right inset of Fig. 2.5
(a)) high energy related to the electronic plasma excitation. The position of the high
energy peak is seen to be roughly proportional to the number of electrons in the yz
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Monday, January 28, 13
Figure 2.5: (a) Ellipsometry angles for the polar charge of 0.1, 0.3, and 0.5
electrons per unit cell with incident angle of 75◦. Inset (left): magnification
near the plasma edge where Re[ε0L(ω)] = Re[ε
0
S(ω)]. Vertical line indicates
bare interface plasma edge frequency ωpe. Inset (right): magnification of the
higher energy peaks. (b) Real and imaginary part of the dielectric tensor
contributed by interface electrons for n0 = 0.3
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(xz) bands for the two larger charge densities. For the polar discontinuity of 0.1 the
peak position is affected by proximity to the STO LO phonon feature. A detailed
analysis of the peak position will be given later in the section.
In order to understand the relation between ellipsometry angles and the physical
properties of the system, we consider that the electronic contribution to the reflectivity
is small compared with unity and thus the denominator of Eqs. (2.33) and (2.39) are
approximated as one. The approximation is valid in broad frequency ranges satisfying
both qd〈〈∆εyz/xz〉〉/ cos2 θ  1 and qd〈〈∆ε−1zz 〉〉/ cos2 θ  1 since the thickness of the
conducting sheet is small relative to the wavelength of light. In this limit we have


















where we define 〈〈∆ε‖〉〉 ≡ 〈〈∆εxx〉〉 = 〈〈∆εyy〉〉 using the cubic symmetry.
With the approximated expressions for rs and rp we consider two simplifying
limits. First, we consider that the electronic contributions to the reflection relative
to that from the mismatch of the two bulk dielectric constants is small and only take






























We expect that at high frequencies (ω  1/τ) 〈〈∆ε‖〉〉, essentially, Drude conductivity
becomes small whereas (ε0S)
2〈〈∆ε−1zz 〉〉 has a peak at an appropriate plasma frequency.
In the low frequency limit (ω  1/τ), the contribution from 〈〈∆ε‖〉〉 dominates due
to the 1/ω factor in 〈〈∆ε‖〉〉 whereas (ε0S)2〈〈∆ε−1zz 〉〉 is finite as ω → 0.
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S] is small. If the contribution from the interface
electrons satisfies Im[ε0S]  qd〈〈∆ε‖〉〉/ cos2 θ, qd(ε0S)2〈〈∆ε−1zz 〉〉/ cos2 θ, up to linear
order, rp/rs can be written as
rp
rs









2 θ + r0s cos
2 θ(ε0S)
2〈〈∆ε−1zz 〉〉/〈〈∆ε‖〉〉] , (2.45)
where the contribution from the out-of-plane excitation is expressed as a ratio of out
of plane to in-plane dielectric tensor.
In order to analyze the feature in the ellipsometry angles, we first examine the
dielectric tensor 〈〈∆ε‖(ωpe)〉〉 and (ε0S)2〈〈∆ε−1zz (ωpe)〉〉 multiplied by qd/ cos θ. Fig. 2.5
(b) shows the real and imaginary part of 〈〈∆ε‖〉〉 and (ε0S)2〈〈∆ε−1zz 〉〉 for n0 = 0.3.
First of all, we can see that overall magnitude of dielectric tensor is well below 1 so
the approximation used in Eqs. (2.42) and (2.43) is valid except very near grazing
incidence (θ ∼ 90◦). Moreover, we find that the in-plane dielectric tensor dominates
especially near the STO plasma edge ωpe ∼ 0.11 eV , which is also common for
n0 = 0.1 and n0 = 0.5 cases (not shown). Near ωpe, both the real and imaginary part
of ε0S is small (Re[ε
0
S] ' ε0L ∼ 1, Im[ε0S] ∼ 0.1) and in this case the density correlation
function Π̂ is roughly proportional to the inverse of the Coulomb matrix. Then the
out-of-plane dielectric tensor can be written as −qd(ε0S)2〈〈∆ε−1zz 〉〉 ∼ qL which is much
smaller than one. Thus, we expect that the dip at ωpe is due mostly to the in-plane
conductivity. Since the real part of the bare dielectric constant of STO and LAO
coincides at ωpe and with its small imaginary part we can expand Eqs. (2.42) and
2. Charge density distributions and optical responses of LaAlO3/SrTiO3 interface50


























where we ignore the out-of-plane dielectric tensor and have used the bare reflectivity
at ωpe










Since Im[ε0S] is in the same order of qd〈〈∆ε‖〉〉, Eqs. (2.44) and (2.45) are not appli-







































where qpe is defined as the wavevector at ωpe.
For θ ≤ 45◦, we can show that d|rp/rs|/dΩ2‖ > 0 regardless of the value of Ω2‖ and
thus we expect that |rp/rs| − |r0p/r0s | at ωpe is always positive and monotonically in-
crease as the density nxy+nyz increases. On the other hand, for θ > 45
◦, d|rp/rs|/dΩ2‖
becomes negative for small Ω2‖ and change its sign around
Ω2‖c '
(1− 2 cos2 θ)(ω2pe + 1/τ 2)Im[ε0S]
2qped cos2 θ
(2.51)
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Thursday, February 21, 13
Figure 2.6: The structure of ellipsometry angles near ωpe. (a) Magnitude
of the dip at the plasma edge frequency as a function of nxy + nyz. The dots
are from the simulated ellipsometry spectra and the solid line is obtained
from the Eqs. (2.33) and (2.39) while ignoring the 〈〈∆ε−1zz 〉〉. The dashed line
is obtained by Eq. (2.50). (b) Comparison of ellipsometry angles with the
different scattering rates for polar charge of 0.3 electrons per unit cell around
the plasma edge.
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assuming ωpe  1/τ . Thus, as we increase the polar discontinuity, ∆Ψ will increase
monotonically for θ ≤ 45◦ and for θ > 45◦, it will decrease until Ω2‖ ' Ω2‖c. We can
also evaluate the effect of varying the scattering rate 1/τ . In the regime 1/τ  ωpe,
increasing the scattering rate is equivalent to changing Ω2‖ → Ω2‖(1 − 1/(ωpeτ)2).
Therefore, the magnitude of ∆Ψ will decrease as the scattering rate increases as long
as 1/τ . ωpe. Moreover, Eq. (2.50) shows that with a given incident angle and bare
dielectric constants, we can deduce the information that Ω2‖ is proportional to nxy+nyz
and the scattering rate 1/τ . Fig. 2.6 (a) shows the ellipsometry angles comparing our
approximated expression (Eq. (2.50)) and full simulation results based on Eqs. (2.33)
and (2.39). We can see that the linear approximation is valid even for high occupation
of xy and yz bands and also find that ignoring the contribution from 〈〈∆ε−1zz 〉〉 gives
results closed to the full simulation values. In Fig. 2.6 (b) the ellipsometry angles
near ωpe is investigated. As expected the reduction of the dip value is observed and
additionally for high scattering rate (1/τ ∼ ωpe) we find that a small peak emerges
in the lower energy side of ωpe.
We also investigate the peak visible in the higher frequency range on Fig. 2.5 (a).
In this case we can apply Eq. (2.44), since both r0s and r
0
s give dominant contribution
to the reflectivity for the frequency away from ωpe. In this region, the bare reflectivity
is mostly real and both it and the in-plane dielectric tensor (as seen in Fig. 2.5(b))
have smooth behavior. Thus we can expect that the peak in the ellipsometry angles
are from the out-of-plane dielectric tensor 〈〈∆ε−1zz 〉〉. To see this, we rewrite Eq. (2.44)


































where we ignore the imaginary part of ε0S. Given that reflectivity are not sensitive to
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the frequency and both the sign of r0s and r
0
p are negative, we can see that the effect
of in-plane dielectric tensor is to give smooth background ∝ −Ω2‖/(ω2 + 1/τ 2) and
the peak is mostly due to the imaginary part of the out-of-the-plane dielectric tensor.
The relation can also seen in Fig. 2.5 (b) where the peak energy of −Im[qd〈〈∆ε−1zz 〉〉]
coincides with the peak in the right inset in Fig. 2.5 (a) for n0 = 0.3.
In Sec. 2.2 (b), we express the out-of-plane dielectric tensor with the density
correlation function of xz/yz electrons (Eq. (2.23)). Since the imaginary part of the
density correlation function represents the plasmon excitations, we further investigate
the density correlation function Π̂ (Eq. (2.22)). We can write the inverse of the Π̂ as
Π−1mm′(ω) =




























∆m′m0 using that the bare dielectric constant of STO
does not change significantly at frequencies above the STO phonon frequency and is













With Eq. (2.54) we interpret the structure of the out-of-plane dielectric constant
obtained by RPA. Without screening we have poles in Π̂ at energies corresponds
to interband transition between the singly occupied state of xz (yz) band and the
unoccupied states. The matrix elements are monotonically decreasing as increasing
inter-band energy. However including the density response (screening) of the electron,
expressed as Coulomb matrix vmm′ , shifts the poles and mixes the matrix elements
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Figure 2.7: (a) Diagonalized matrix elements (red dashed line) and density
correlation function (blue line) for n0 = 0.3. (b) Comparison of ellipsometry
angles with the different scattering rates for polar charge of 0.3 electrons per
unit cell around plasmon peak. (c) Peak positions in ellipsometry spectra
compared with the peak in the out-of-plane dielectric tensor.
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where shifted pole frequencies represent plasmon excitations related to the longitu-
dinal oscillation of the xz/yz electrons and their oscillator strength are determined
by the matrix elements fm which are linear combinations of dipole matrix elements.
Thus, we can interpret the peak of the ellipsometry angle as arising from plasmon
excitations that are determined by two factors: how the eigenvalues gm are close to
each other and the oscillator strength fm which are determined by band structure
of the yz/xz electrons. In Fig. B.1 (a) shows the diagonalized density correlation
functions and its oscillator strength. We can see that the dominant contribution is
from the oscillator strength while the eigenvalue effects are relatively small. The rapid
decrease of |fm|2 for √gm & 0.25eV gives the asymmetric peak shape. The relation
between plasma poles and the scattering rate is also investigated in Fig. B.1 (b). For
1/τ  EPeak defined as the energy of plasma peak (Fig. B.1 (c)) the plasma poles
are well defined and the scattering rate can be seen as a broadening in the plasma
poles and it is expected that the peak height scales as Ω2⊥τ/ω. For 1/τ  EPeak,
the plasma poles no longer exist and the plasma peak vanishes. The plasma peak
estimated by Eq. (2.54) is compared with ellipsometry data in Fig. B.1 (c) where
for high occupation, they agrees with each other and the difference is increases for
smaller occupation since in Eq. (2.54), we use dielectric constant of STO in the limit
of ω → ∞. As the plasmon peak energy decreases, the bare dielectric constant of
STO deviates significantly from its limiting value and near ωpe the approximation
used in Eq. (2.44) is not valid any more.
We compare the position of the plasmon peaks with a simple estimation of the




associated with an electron gas
of volume density corresponding to our total areal density of interface xz/yz elec-
trons spread over a length L∗ which we take to be twice the peak position of the
xz/yz density profile. The estimated plasma frequency for the polar charge density
of {0.1, 0.3, 0.5} are {79, 237, 512} meV which are fairly close to the calculated plas-
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mon peak position. The reasonable agreement between calculation and free electron
model is expected since the binding energy of the xz/yz electrons is about two order
of magnitude smaller than the plasma frequency.
In Sec. 2.2 (c) presents detailed formulas for the reflectivity by taking the long-
wavelength approximation to the non-local dielectric tensor. The final results can
be understood as implying that the interface system is described by an anisotropic
dielectric tensor with components
ε̄‖(ω) ' ε0S − 2ikd〈〈∆ε‖(ω)〉〉
ε̄zz(ω) ' ε0S + 2ikd(ε0S)2〈〈∆ε−1zz (ω)〉〉 . (2.55)
The complete expression of the effective dielectric tensor and its characteristic fea-
tures are presented in Appendix B. We note that the dielectric tensor depends on
the incident angle through kd. The effective dielectric tensor allows us to have an
alternative description of the interface electrons system.
In this section, we investigated the features in the ellipsometry measurements. By
taking simplifying limits we are able to find the physical origin of the features and
relate them with the physical quantities of interface electrons. Moreover we find the
effective expression in terms of local dielectric tensor that may be helpful to provide
another way to understand the behavior of interface electrons. Although the mapping
between the plasmon peak and occupation of xz/yz elections and its scattering rates
depends on the detail of band structure, combined with the information of the dip
feature our results may allow us to reasonably estimate the physical properties of the
interface electrons.
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2.5 Summary
We have presented an analysis of the subband structure and optical response of an
electron gas confined at a polar interface. We assumed that host material is similar
to SrTiO3 in having a conduction band derived from t2g symmetry d-orbitals and
possessing a very anisotropic dispersion and that the interface could be described
as a charged sheet with areal charge density n0 which is a parameter of the model.
We used a self-consistent Hartree approximation to treat the Coulomb confinement
and computed the dielectric tensor within the RPA. Our model involves several ap-
proximations. The most crucial of these is the neglect of mixing among the three
t2g-derived bands. Actual band-mixing effects arise from spin orbit coupling and
further-neighbor hopping and are small in the situation we consider [Zhong et al.
(2013); Delugas et al. (2011)]. In particular, as discussed at length above, the re-
sponse to in-plane electric fields is determined mainly by the number of carriers free
to move parallel to the plane of the interface while the plasmon frequencies have to
do with the total density of carriers with significant out-of-plane dispersion; neither
of these is affected much by the small interband couplings we have neglected. The
neglect of band-mixing crucially simplifies the calculations, while the flexibility of our
model-system formalism means that a wide range of situations can be studied and
the sensitivity of the results to effects such as the total polar charge (controlled in
part by defects which may be hard to model ab-initio) leads to increased insight.
One crucial finding (implicit in previous work but apparently not remarked upon
explicitly in the literature) is that the majority of the induced charge resides in xy-
derived bands confined very closely (within 2 unit cells) of the interface. The charge
density at farther distances has two components, with somewhat different distance
dependences. One component arises from the lowest xz/yz subband, which is in
most circumstances the only xz/yz subband to be occupied. The spatial decay of
the charge density in this subband is determined by the subband wave function. The
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second component arises from a “Thomas Fermi tail” of electrons in xy-derived bands,
with occupancy controlled by the self-consistent screening of the interface potential.
The charge density in this Thomas-Fermi tail is very small, but because of the very
large dielectric constant of SrTiO3 extends a very long distance from the interface.
By use of our calculated subband structure, the RPA and a Greens function formal-
ism for the light propagation in an inhomogeneous situation we calculated the optical
response of the interface system. Following the experimental literature [Dubroka et al.
(2010)] we presented the results in term of changes in ellipsometry angles between the
system with and without the interface electron gas. We find that the frequency de-
pendent change in the ellipsometry angle involves two important structures: a dip, at
a frequency corresponding to the matching dielectric constants of SrTiO3 and LaAlO3
and a peak at a higher frequency. The frequency at which the dip occurs is controlled
by details of the bulk STO and LAO optical responses and is not interesting. The
magnitude of the dip was shown to be controlled by the in-plane conductivity. The
peak in higher energy is in essence a c-axis plasmon excitation of the interface elec-
trons. We presented simple estimates allowing extraction of these parameters from
the data without performing an elaborate fit of our calculations.
Our results show how ellipsometry experiments can be a generally useful tool in
the analysis of the electronic properties of oxide interfaces. Given the angle of the
incident light and the bare dielectric constants of STO and LAO, our results shows
that the location of the plasmon peak and its height are easily mapped to the density
nyz and the relaxation time τ through Eqs. (2.40) and (2.52). Moreover with the
magnitude of dip at ωpe, and obtained τ we can also obtain nxy + nyz (Eq. (2.50)).
Thus the information about the orbital occupancy and disorders can be inferred. We
compare our results to the experimental ellipsometry angles reported by Dubroka
et al. (2010) and within reasonable parameter range it is strongly suggested that
most of xy electrons close to the interface are localized and thus do not respond to
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in-plane electric fields, possibly by near-interface disorders such as cation intermixing
and oxygen vacancies. In this case, the estimated sheet carrier density (mostly from
xz/yz electrons) contributing to the in-plane conductivity is consistent with trans-
port data [Thiel et al. (2006)] and the total sheet charge density including localized
xy electrons is comparable to the values obtained by hard X-ray photoelectron spec-
troscopy [Sing et al. (2009)]. Moreover, the carrier density profile estimated from the
superconducting heterostructures (∼ 10-20 nm) [Reyren et al. (2007); Ben Shalom
et al. (2010)] is comparable to the spatial extent of xz/yz orbitals. The discrepancy
between the number of carriers inferred from transport measurements [Thiel et al.
(2006)] and the number expected from the polar catastrophe scenario [Mannhart et al.
(2008); Bristowe et al. (2009); Millis and Schlom (2010)] or measured in high energy
photoemission experiments [Sing et al. (2009)] is reported but the mechanism that
cause the discrepancy is not yet clearly understood yet. Our results give evidence to
the localization of electrons near the interface, which provides insight to understand
the discrepancy.





In this chapter, we study the superlattices composed of Mott-insulating GdTiO3
and band insulating SrTiO3. We primarily focus on thickness-dependent metal insu-
lator transitions reported in GTO/STO heterostructures [Moetakef et al. (2011a)] in
which both structural effects and strong on-site Coulomb interaction play a crucial
role in the MITs. A single interface separating semi-infinite slabs of GdTiO3 and
SrTiO3 is found to be metallic with sheet charge density about a half electron per
in-plane unit cell [Moetakef et al. (2011b)]. As the thickness of SrTiO3 decreases to
two unit cells of SrTiO3, the interface is found to be insulating. Both in metallic
and in insulating interface, atomic distortions that decay within several unit-cells
are observed [Zhang et al. (2013)]. In metallic interfaces, quantum oscillation mea-
surements indicate that the conducting carriers move primarily in the plane of the
interface [Moetakef et al. (2012b)]. On the basis of first-principles DFT+U calculation
Chen and Balents [Chen et al. (2013)] proposed that half-filled bonding band with
dimerization leads to an insulating ground state when the number of SrTiO3 layers,
n, is one and that there is insulator to metal transition when the number of layers of
SrTiO3 increases from 1 to 2. The difference in crystal structure between GdTiO3 and
SrTiO3 along with the Mott insulating nature of GdTiO3 suggests that the system
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will exhibit interesting interplay of structural, interface, and correlation effects. In
this paper, we study the interplay of correlation, lattice distortions, and quantum con-
finement effects for GdTiO3/SrTiO3 superlattices using the first-principles DFT+U
method. Although DFT+U is a Hartree approximation that does not capture the full
complexity of many-body physics, it is an effective tool for investigating the struc-
tural distortion across the interface and its relation with electron correlations. We
find structural and metal-insulator phase transitions as the thickness of SrTiO3 and
electron correlation U are varied. The changes in the electronic structure in different
structural phases are investigated and the spatial distribution of the electron gas and
its orbital polarization for different thickness of SrTiO3 are determined.
3.2 Calculation Methods
The electronic structure and atomic structures are calculated using the GGA+U
method as implemented Vienna ab-initio simulation package (VASP) [Kresse and
Furthmüller (1996); Kresse and Joubert (1999)]. We use a plane wave basis set with
energy cutoff 500 eV and the projected augmented wave method. For all superlat-
tices we consider c(2 × 2) structure to describe proper octahedral rotations of the
superlattices. All the structures are fully relaxed while the in-plane lattice constant
is constrained to the substrate (a = b = 3.86Å). Convergence is reached if the energy
difference between the consecutive iterations is within 0.1 meV for electronic itera-
tions and 1 meV for ionic relaxations. The minimum k-point grid size is 6 × 6 × 2.
For on-site Coulomb interaction the rotationally invariant form [Liechtenstein et al.
(1995)] is used for Ti-d orbitals. We treat the Hubbard U as an adjustable parameter
while fixing the value of J as 0.6 eV.
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Figure 3.1: Structural properties of (GTO)4(STO)4 superlattices in the
metallic phase with U = 3 eV. (a) The atomic structure of the superlattice.
A and B represent two inequivalent in-plane Ti atoms and the numbers in
the bottom label the TiO2 planes. (b) Octahedral volumes around A and B
sublattice Ti atoms. The green dashed and blue dotted lines are respectively
the octahedral volumes of bulk GTO and STO calculated with experimental
in-plane lattice constant. (c) In-plane (θ⊥) and out-of-plane (θ⊥) Ti-O-Ti
angles. The green dashed and blue dotted lines are the in-plane and out-of-
plane octahedral angle calculated for bulk GTO with experimental substrate,
respectively. (d-e) Ti-O bond lengths of A sublattice Ti atoms. The six
oxygen atoms around the each Ti atom are labeled by the direction from Ti
to oxygen atoms expressed by x±, y±, and z± where the direction (x, y, z)
and subscripted sign represent pseudo-cubic axis defined in panel (a) and
plus and minus direction, respectively. Exchanging x± to y∓ gives the B
sublattice Ti-O distances.
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3.3 Lattice Structures
In this section we investigate the lattice structures of (GTO)m(STO)n superlattices
for different n and different electronic phases. We begin with a brief discussion of
the bulk structures. We focus on the high temperature phase of SrTiO3 which is
nearly cubic with a crystallographic unit cell containing one Ti ion and an octahedral
volume of ∼ 9.9 Å3. (In bulk STO, a transition occurs at T ∼ 110K to a lower
symmetry phase only slightly distorted from the high temperature structure [Unoki
and Sakudo (1967)]. The differences are not important for our discussion.) GdTiO3
is strongly distorted away from the cubic structure, with a unit cell containing two Ti
ions, a Ti-O-Ti bond angle ≈ 145◦ and a substantially increased octahedral volume
∼ 11.3 Å3. The differences in the octahedral rotations will be seen to have important




2 computational unit cell such that
the two inequivalent Ti ions lie in the plane perpendicular to the growth direction.
Fig. 3.1 presents computational results for the GGA+U relaxed lattice structures
showing how the lattice distortions characteristic of metallic GdTiO3 propagate into
metallic SrTiO3. The top panel (a) gives atomic positions. The second panel (b)
shows that the octahedral volume changes discontinuously across the interface, taking
essentially the bulk GdTiO3 value for Ti ions bounded on all sides by Gd ions and
taking essentially the bulk SrTiO3 value for Ti ions either bounded on all sides by Sr
ions, or at the interfaces with two Gd and two Sr neighbors. The spatial variation
of the structure is related to the band alignments, which are such that the charge
density for all Ti ions with eight Gd neighbors takes essentially the bulk GdTiO3
value. We will show below that the correction effects expressed here by the U make
an important contribution to the band alignments. The third panel (c) shows the
variation of the Ti-O-Ti bond angle for both bonds in the planes (θ‖) and along the
growth direction (θ⊥). We see again that the bond angle deviates significantly from
the bulk GdTiO3 value only in Ti layers surrounded by Sr or for “apical” oxygens











ü ü ü ü
ü
ü
Á Ti A ü Ti B GTO STO


























Á q»» ü qfi q»»GTO qfiGTO






























Á x+ ı x- ü y+ Ï y-

























Ï Ï Ï Ï
Ï
Á x+ ı x- ü y+ Ï y-




















Á z+ ı z-  




















Á z+ ı z-  
















Figure 3.2: Structural properties of (GTO)4(STO)4 superlattices in the in-
sulating phase with U = 4 eV. Atomic coordinates are same as shown in
Fig. 3.1. (a) Octahedral volumes around A and B sublattice Ti atoms. The
green dashed and blue dotted lines are respectively the octahedral volume of
bulk GTO and STO calculated with experimental in-plane lattice constant.
(b) In-plane (θ⊥) and out-of-plane (θ⊥) Ti-O-Ti angles. The green dashed
and blue dotted lines are the in-plane and out-of-plane octahedral angle for
GTO calculated with experimental substrate, respectively. (c-f) Ti-O dis-
tance between A and B sublattice Ti atoms following the same definition in
the Fig. 3.1.
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connecting an interface Ti to a Sr.
The remaining panels show Ti-O bond lengths. Bulk GdTiO3 has a two-sublattice
orbital ordering; our computational unit cell is such that the ordering wavevector is
perpendicular to the growth direction (as is physically reasonable), and the resulting
order is an in-plane xz/yz alternation. Fig. 3.1 (d) shows the in-plane bond lengths
for one of the two sublattices. We see that in the GdTiO3 (layers 1,2,8) the Ti-O bond
length in the plus and minus x directions is ∼ 0.1 Å greater than the Ti-O bond length
in the plus and minus y directions (on the other sublattice, the pattern is reversed).
Similarly within the SrTiO3 (layers 4,5,6) there is no bond-length disproportionation.
Thus as fas as the in-plane bonds are concerned, the lattice distortions associated
with GdTiO3 propagate only as fas as the interface layer, consistent with what was
observed for the bond angles and octahedral volumes.
However, the in-plane bonds in the interface layer and the out-of-plane bonds
throughout the SrTiO3 region show an interesting behavior implying breaking of
the local inversion symmetry at the Ti site. The inversion symmetry breaking in
the z direction may be understood in terms of the dielectric properties of SrTiO3.
The electric fields associated with the polar discontinuity of the GdTiO3/SrTiO3
interface and the associated induced charges are partly screened by polar modes of the
SrTiO3 lattice (in particular an off-centering of the Ti) as discussed in Okamoto et al.
(2006). Our new finding is a difference in the x and y bonds implying a spontaneous
ferroelectric distortion in the plane. We also note that there is no difference in the
octahedral volumes between A and B sublattices implying equal electron occupancy
of the A and B sublattice Ti states. We define this structure with the same octahedral
volume for A and B sublattices as the non charge-ordered (NCO) phase.
In Fig. 3.2 we present the structural properties of insulating (GTO)4(STO)4 su-
perlattices for U = 4 eV. The variation of octahedral volume is very similar to the
previous metallic case, except that in the interface layer a clear difference between
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Figure 3.3: Structural properties of (GTO)5(STO)1 superlattices with U =
2 eV. (a) The atomic structure of the superlattice. A and B represent two
different in-plane Ti atoms and the numbers in the bottom denote TiO2 plane
number. (b) Octahedral volumes around A and B sublattice Ti atoms. The
green dashed and blue dotted lines are respectively the octahedral volume
of bulk GTO and STO calculated with the experimental lattice constant.
(c) In-plane (θ⊥) and out-of-plane (θ⊥) Ti-O-Ti angles. The green dashed
and blue dotted lines are the in-plane and out-of-plane octahedral angle for
GTO calculated with experimental substrate, respectively. (d-e) Distance
between Ti and O in each pseudo cubic direction of A sublattice Ti atoms.
Exchanging x± to y∓ gives B sublattice Ti-O distances.
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Figure 3.4: Structural properties of (GTO)5(STO)1 superlattices in the
insulating phase with U = 3 eV. Atomic coordinates are same as shown in
Fig. 3.3. (a) Octahedral volumes around A and B sublattice Ti atoms. The
green dashed and blue dotted lines are respectively the octahedral volume
of GTO and STO calculated with the experimental lattice constant. (b)
In-plane (θ⊥) and out-of-plane (θ⊥) Ti-O-Ti angles.The green dashed and
blue dotted lines are the in-plane and out-of-plane octahedral angle for GTO
calculated with experimental substrate, respectively. (c-f) Distance between
Ti and O in each pseudo cubic direction of A and B sublattice Ti atoms.
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sublattices is visible. One sublattice (“A”) has almost the same octahedral volume
as in bulk GdTiO3 while the other has almost the same octahedral volume as bulk
SrTiO3. This difference reflects the almost complete charge order noted by many pre-
vious studies of related interfaces including LaAlO3/SrTiO3 [Pentcheva and Pickett
(2006)] and LaTiO3/SrTiO3 [Pentcheva and Pickett (2007)]. The bond angle varia-
tion is the same for both sublattices and is the same as in the previous metallic case,
while the magnitude of the centrosymmetry breaking distortions in the z-direction
Ti-O bond is much less, reflecting the almost complete confinement of polar charge
to the interface layer, strongly reducing the need to screen internal electric fields. We
define this structure with inequivalent octahedral volumes as the charge order (CO)
phase.
For general (GTO)m(STO)n superlattices, the structural transition from the NCO
to the CO phase is driven by increasing the on-site Coulomb interaction U . However
for n = 1 superlattices with a single STO unit cell, the distortion around the interface
is different when U is small. Fig. 3.3 shows the structure for the metallic interface
found in a m = 5, n = 1 superlattice with U = 2 eV. As in the n > 1 case there
is no difference in the octahedral volume between A and B sublattice but there is
a small difference in octahedral volume between layer 3 and 4 mainly due to the
difference in the Ti-O distance in z direction. This is different from the NCO phase
of n > 1 superlattices in which the octahedral volumes of two interfaces are different.
We define the structure as CO II phase. We also note that the amount of Jahn-Teller
distortion is much less in the GTO region due to the decreased correlation. As U
increases, the structure changes to sublattice charge order (CO) phase as presented in
Fig. 3.4. However unlike the n > 1 case the preferred orbital character is not switched
between GTO and the larger interface octahedron since the Ti-O distance in x (y)
direction are longer than y (x) for all octahedra in A (B) sublattice.
Figure 3.5 presents the critical electronic correlation Uc required to drive the struc-

























Figure 3.5: The critical Uc of structural transition boundary for
(GTO)m(STO)n superlattices.
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tural phase transition between two distinct distortion patterns for (GTO)m(STO)n
superlattices. Uc is defined as the value of U in which the total energy with CO phase
becomes lower than that with NCO (CO II) phase. The change in Uc is relatively
insensitive to the thickness of GTO and we can see a general trend that Uc increases
as the thickness of STO increases for n > 1. However, there is drastic decrease in
the Uc for n = 1 superlattices. Thus we can identify two different groups of Uc; one
around 3.5 eV for n > 1 and around 2.5 eV for n = 1. The difference in the critical U
and structural transitions for n = 1 and n > 1 superlattices implies that the change
in the underlying electronic structures between two groups of superlattices will be
different.
3.4 Electronic structure of n > 1 GdTiO3/SrTiO3
superlattices
This section presents the electronic structures of superlattice with two and more
SrO layers. The CO distortion that we identified in the previous section plays an
important role in localizing the electrons. The nominal valence counting implies that
each GdO layer donates one-half electron per in-plane unit cell to each adjacent TiO2
layer. Thus, the interface TiO2 layer is doped by an half electron per in-plane Ti.
Therefore within band theory both charge and orbital ordering are required to obtain
insulating states. Further, as shown in panels (c) and (f) of Fig. 3.2, the apical oxygen
is displaced in the z direction, implying the xy orbital is higher in energy than the
xz/yz orbitals. Thus, in this case the electrons are in two orbitally degenerate bands
and insulating behavior requires charge, spin, and orbital order.
Fig. 3.6 shows the total density of states (DOS) of a (GTO)4(STO)4 heterostruc-
ture with U = 3 (no charge order) and 4 eV (charge order). The Fermi energy is
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Figure 3.6: Density of states of (GTO)4(STO)4 superlattices. (a) DOS for
U = 4.0 eV. (b) DOS for U = 3.0 eV. (c) Comparison of spin up density of
states near the Fermi energy.
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defined to be E = 0. The states in between -7.5 and -2.5 eV are oxygen p states
and those near and above the Fermi energy are Ti-t2g derived states. The oxygen
p-states shifts about 0.5 eV as the values of U increases from 3 to 4 eV while the
shift in energy of the Ti-t2g states is about 0.2 eV. There are evident changes in DOS
near Fermi energy. For U = 4 eV, the system is insulating with small gap less than
0.1 eV. For U = 3 eV, there are substantial increases in the density of states at the
Fermi level and the system is a half-metal. As expected we find that the insulating
ground state is associated with volume difference in octahedra between interface A-B
sublattice, while in the metallic ground state all octahedra have equal volumes.
GTO (U=3.0 eV)
dxy dyz dxz




































Figure 3.7: Projected density of states (PDOS) of Ti-t2g orbitals. The
projection is done with t2g orbital defined with pseudo cubic axes that deviate
with octahedral coordinates but the change is not significant. Blue solid
lines, red dashed lines, and green dotted lines represent dxy, dyz, and dxz
orbitals, respectively. (a) PDOS of GTO with U = 3 eV. (b-f) PDOS of
(GTO)4(STO)4 with U = 3 eV for A-sublattice Ti atoms - numbers indicate
atoms defined in Fig. 3.1.
In order to investigate the nature of the conducting interface, we present the
projected density of states (PDOS) of Ti-t2g derived bands for U = 3 eV in Fig. 3.7.
For the A-sublattice Ti atoms in between GdO layers (panel (b) and (c) labeled as A1
and A2), the density of states is similar to that of bulk GTO (panel (a)) with negligible
density of state at the Fermi level and we can see that the xz orbital ordering while
PDOS of B-sublattices (not shown) has yz orbital ordering. The sublattice orbital
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Figure 3.8: Orbitally resolved and total occupancy of Ti-t2g states of (a)
(GTO)4(STO)4 and (b) (GTO)4(STO)6 superlattices. The gray region rep-
resents the Ti atoms between two GdO planes.
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ordering disappears for Ti atoms at the interface and in between SrO layers. At the
interface (panel (d)), the xy-derived band is dominantly occupied and away from the
interface the occupancy of yz/xz electrons is gradually increasing (panel (e-f)). These
characteristic features of the PDOS are also found in other conducting superlattices
with n > 1.
In Fig. 3.8, we present the layer resolved occupation of the t2g orbitals of (GTO)4(STO)4
and (GTO)4(STO)6 superlattices showing that the orbital disproportionation persists
to relatively thick superlattices. To define the occupation we integrate the PDOS of
Ti t2g orbitals from -1 eV to Fermi energy and normalize the result so that the total
integrated density of states equals two electrons. We find that for the relatively thick
STO layers studied the total t2g occupation does not vary much in the STO and inter-
face region because the screening length is larger then the STO thickness. We believe
that for both (GTO)4(STO)4 and (GTO)4(STO)6 superlattices this is an interface
driven phenomenon similar to that found in LaAlO3(LAO)/SrTiO3 interfaces, which
have a dominantly occupied xy orbital in the near-interface region and yz/xz orbitals
away from the interface[Son et al. (2009); Delugas et al. (2011)].
dxy dyz dxz






































Figure 3.9: (a-f) PDOS of Ti-t2g orbitals for (GTO)4(STO)4 superlattice
with U=4 eV following the atomic index defined in Fig. 3.1. The label at
the bottom left of each panel represents Ti atoms where the letter A and
B denote sublattice index and numbers indicate atoms defined in Fig. 3.1.
Blue solid lines, red dashed lines, and green dotted lines represent dxy, dyz,
and dxz orbitals, respectively.
3. Metal-insulator transitions in GdTiO3/SrTiO3 superlattices 75
Fig. 3.9 shows the PDOS of insulating ground state with U = 4 eV where electrons
are tied to interface Ti atoms with sublattice orbital and charge ordering. As in the
conducting interfaces, the PDOS of Ti sandwiched by GdO layers (panel (a) and (b))
resembles that of bulk GTO. At the interface, the Ti states of the larger octahedron
(A3, panel (c)) are occupied with magnetic moment 0.82 µB whereas the Ti states of
smaller octahedron (B3, panel (d)) have negligible occupancy with magnetic moment
0.04 µB. Compared with the magnetic moment of Ti in the middle of GTO (0.88
µB), we can consider the charge ordering as nominally one and zero electron for larger
and smaller octahedron, respectively. The occupied Ti atoms have ferro-orbital (in
this case yz) and ferromagnetic order but with spin direction opposite to that in
the GTO region. As pointed out in the previous section, the change in the orbital
character from xz to yz along the A sublattice (panel (b) and (c)) is related to the
change in the bond disproportionation between GTO region and interface octahedra.
This in turn enhances the localization of interface Ti states due to the small transfer
integral between different t2g orbitals. We note that the occupied states at the larger
interface octahedron (panel (c)) have larger binding energy than the occupied states of
GTO region (panel (a-b)) although the interface octahedral volume is slightly smaller
than that of GTO region. Away from the interface the orbital and charge ordering
disappears and the unoccupied t2g bands are shifted closer to the Fermi energy. The
PDOS for other (GTO)m(STO)n interfaces with n > 1 are similar. It is reported
that similar charge and orbital ordering (xy instead of yz) occurs at the interface Ti
atoms in insulating phase at the LaTiO3/SrTiO3 superlattices [Pentcheva and Pickett
(2007)].
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3.5 Electronic structures with a single SrO layer
In this section, we present the electronic structure of (GTO)5(STO)1 superlattices.
In these superlattices the critical U for structural transition is significantly lower than
in superlattices with multiple SrO layers. Unlike the previous cases with n > 1, we
will show that charge ordering is not a necessary condition for obtaining a insulating
ground state and will show that the insulating phase persists to smaller U value due
to the lack of low lying unoccupied states.
The major difference between the electronic structures for single and multiple SrO
layers is the absence, in the former case, of the states coming from Ti atoms in between
SrO layers. This significantly decreases the critical of U for metal-insulator transition.
Fig. 3.10 presents the DOS and PDOS of (GTO)5(STO)1 superlattices with U = 3
eV. From the total density of states we can see that the system is insulating with
a band gap about 50 meV. As seen in the PDOS, the Ti atom surrounded by GdO
layers (panel (b)) has a density of states similar to that of bulk GTO. In our results
with U = 3 eV there exists both charge and orbital ordering but the difference in
the magnetic moments of large (0.75 µB) and small octahedra (0.14 µB) is less than
observed for U = 4 eV. This indicates that in-plane charge ordering is not crucial
to the insulating phase. This conclusion is supported by the following argument.
With two TiO2 layers, yz (xz) orbitals in each layer form bonding and antibonding
states with one dimensional dispersion in y (x) direction. Due to this one-dimensional
spectrum, if the electrons are ferromagnetically ordered, the band is half-filled with
strong Fermi surface nesting. Given that the inter-plane hopping is not significantly
smaller than intra-plane hopping and xy band is higher in energy, a small orbital
ordering that breaks the translation symmetry in both x and y direction and can
open a gap at the Fermi energy. Thus as long as the octahedral distortion and
electron correlation keep the xy band unoccupied, the system becomes insulating
even at weak correlation. We note that adding an additional STO layer will make










































Figure 3.10: Density of states of (GTO)5(STO)1 superlattices with U = 3
eV. (a) DOS near the Fermi level. (b-d) Projected density of states of Ti-t2g
orbitals for Ti positions defined in Fig. 3.3. Blue solid lines, red dashed lines,
and green dotted lines represent dxy, dyz, and dxz orbitals, respectively.
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the system metallic with U = 3 eV since isolating a lowest t2g band is much harder
because the low lying unoccupied band from the added STO layer will cross the
Fermi energy. In other words, lack of low lying unoccupied states and separation of
bonding and antibonding bands makes it possible for n = 1 superlattices insulating for
lower U value. Our results are consistent with the previously reported Hartree-Fock
calculation by Chen et al. (2013) but we find sublattice charge ordering in additional
to the orbital ordering for U = 3 eV.
3.6 Phase digram for structural and electronic phases
transitions
In the section, we present a phase diagram summarizing our computed results for
structural and electronic phases for (GTO)m(STO)n superlattices. Fig. 3.11 shows
the electronic and structural phase diagram in terms of critical U values and inverse
of the STO layer thickness n. We can see that for n > 1, the MIT is accompanied by
the structural transition which is crucial for the insulating phase. There is a narrow
region of metallic phase before the structural transition with in-plane charge ordering
for n > 1 superlattices but the density of state is small at the Fermi energy. We
identify this as a bad metal.
Superlattices with a single SrO layer show qualitatively different phase behavior.
Unlike the n > 1 case, there is no sharp change in the electronic structure across the
structural transition from CO to CO II phase and the MIT occurs maintaining a weak
layered charge order. This supports the idea that charge ordering is not necessary for
n = 1 superlattices. Moreover the value of the critical U for the MIT of the n = 1
superlattice is significantly smaller than n > 1 superlattices which also supports the
idea that weak correlation can open the band gap at the Fermi energy. Experimentally



































Figure 3.11: Electronic and structural phase diagram for (GTO)m(STO)n
superlattices. We define in-plane and layered charge ordered insulating phase
with orbital order as CO and CO II in gray and dark gray color, respectively.
The structural CO phase is denoted as hatched lines so that the structural
transition from CO phase to NCO (or CO II for n = 1) is expressed as
the boundary of the shaded region. For n > 1, the narrow metallic region
with charge ordering having very small density of state at the Fermi level
is denoted as bad metal phase in light blue color. The ferromagnetic metal
without charge ordering is denoted as metal phase in dark blue color and
metallic phase with weak-layered charge ordering as metal II in purple. For
the n = 1, 3 superlattices phase boundaries are obtained with m = 2, the
n = 2 superlattice with m = 2, and n = 4, 6 superlattices with m = 4.
The use of different m values is related to a small increase in the MIT phase
boundary of n = 2 case.
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there is a MIT in between n = 3 and n = 2 [Moetakef et al. (2012a)]. This is different
from the prediction from the GGA+U phase diagram where the thickness dependent
MIT occurs as the number of SrO layer changes from two to one.
3.7 Broken inversion symmetry and ferroelectric-
ity
As can be seen from the Ti displacements in Fig. 3.1(d) or Fig. 3.2(c-d), in appro-
priate circumstances the superlattices we consider can develop non-centrosymmetric
distortions leading to in-plane ferroelectric polarization. In bulk GTO, the Gd ions
move substantially off center (∼ 0.5 Å) relative to the ideal perovskite position due
to the the a−a−c+ octahedral rotation but the displacements alternate from layer to
layer in the (001) direction so the effects cancel and there is no net polarization, and
in particular the Ti atoms remain at center of the surrounding oxygen octahedron.
Replacing a plane of Gd by Sr breaks the translation symmetry. There is an addi-
tional contribution from the difference in ionic shift due to the propagation of the
alternating displacements of Gd of GTO to the near interface Sr atoms. Combined
with the the difference in ionic charge between Gd (3+) and Sr (2+) the ferroelectric
moment from the rare earth atoms is expected as previously suggested [Mulder et al.
(2013)] The symmetry breaking leads to an off-centering of the Ti atoms, suggesting
an additional ferroelectric component. This shift of Ti atoms suggests that there can
be ferroelectric moment as in PbTiO3.
Fig. 3.12 shows atomic displacements of Ti and Gd atoms relative to the cen-
ter of surrounding oxygen atoms for insulating (GTO)4(STO)4 (U = 4 eV) and
(GTO)5(STO)1 (U = 3 eV) superlattices. In both superlattices, the shift is sig-
nificant for near interface atoms. For out-of-plane direction, only interface Ti atoms

















Á x ı y ü z























ü ü ü ü ü
ü ü
ü
Á x ı y ü z




















Á x ı y ü z























ü ü ü ü ü ü
Á x ı y ü z

























Á x ı y ü z























ü ü ü ü ü
ü ü
ü
Á x ı y ü z


















Á x ı y ü z























ü ü ü ü ü ü
Á x ı y ü z













Figure 3.12: The displacements of Ti and rare earth atoms (Gd, Sr) for
insulating superlattices. (a-b) The displacements in (GTO)4(STO)4 superlat-
tice with U = 4 eV. (c-d) The displacements in (GTO)5(STO)1 superlattice
with U = 3 eV. The displacements of Ti and rare earth atoms are defined
as the distance from the center of mass of nearest neighbor in-plane oxygen
atoms. The shaded regions represents the bulk-like GTO region. The differ-
ence in the displacements between A and B sublattice is small so averaged
values are shown.
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are significantly displaced but the net moment is zero by the cancelation from the op-
posite contributions from two interfaces. For in-plane shifts, interface Ti atoms have
the same displacement direction as that of Gd atoms next to the interface suggesting
that the in-plane shift of Ti atoms is influenced by the movement of Gd atoms from
the a−a−c+ octahedral rotation. The magnitude of the in-plane shift is about 0.07
Å for Ti and 0.5 Å for Gd with (GTO)4(STO)4 superlattice and 0.03 Å for Ti and
0.5 Å for Gd atom with (GTO)5(STO)1 superlattice. For comparison, in PbTiO3 the
Ti and Pb atoms shift against the oxygen atoms about 0.26 Å and 0.42 Å, respec-
tively [Meyer et al. (1999)]. Therefore we can see that the ionic shift is dominated
by rare-earth atomic displacements. Compared with the ionic shifts in PbTiO3, these
values are comparable for the rare earth atoms but shifts in Ti atoms are about a
factor of 5 smaller. There are also differences in ferroelectric polarization between
the superlattices with even and odd number of STO layers. When there is an even
number of STO layers, the net ferroelectric moment is zero due to the opposite po-
larization direction of two interfaces. Whereas with an odd number of STO layers,
there is an in-phase shift from interface Ti atoms giving a small upward polarization
and there is relatively larger upward polarization from the displacements of rare earth
atoms. As seen in Fig. 3.12 (d) the uncompensated displacement of Gd atom located
between the sixth and the first TiO2 layer is larger than the displacement of Sr atom
in between third and forth TiO2 layers. Combined with the difference in nominal
ionic charge between Gd (3+) and Sr (2+), there is a net upward polarization with
an additional contribution from a small displacement of Ti atoms in layer 3 and 4
(Fig. 3.12 (c)). Therefore we expect that superlattices with an odd number of SrO
layer, or more generally superlattices having two near interface Gd atoms displaced
in the same direction may have a net ferroelectric moment. In the calculations per-
formed so far, the polarization lies in the xy plane, but ‘tricolor’ superlattices with
Gd-Sr-X may also have a z-direction polarization.
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GTO (U=3.0 eV)
dxy dyz dxz




































FIG. 4: Projected density of states (PDOS) of Ti-t2g orbitals. The projection is done with t2g
orbital defined with pseudo cubic axes that deviate with octahedral coordinates but the change in
not significant. Blue solid lines, red dashed lines, and green dotted lines represent dxy, dyz, and dxz
orbitals, respectively. (a) PDOS of GTO with U = 3 eV. (b-f) PDOS of (GTO)4(STO)4 with U =
3 eV following the atomic index defined in Fig. 1.
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FIG. 5: Projected density of states (PDOS) of Ti-t2g orbitals. Blue solid lines, red dashed lines, and
green dotted lines represent dxy, dyz, and dxz orbitals, respectively. (a-f) PDOS of (GTO)4(STO)4
superlattices with U = 4 eV following the atomic index defined in Fig. 1.
tied to interface Ti atoms with sublattice orbital and charge ordering. As in the conducting
interfaces, the PDOS of Ti sandwiched by GdO layers (panel (a)) resembles that of bulk
GTO. At the interface, the Ti states of larger octahedron is occupied with nominally one
electron whereas the states of smaller octahedron has negilible occupancy. The occupied
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Figure 3.13: PDOS of Ti d (blue solid line) and oxygen p (dotted red line)
orbitals of (GTO)4(STO)4 superlattice. (a) PDOS in the middle of GTO
with U = 3 eV and (b) U = 4 eV. (c) PDOS of interface TiO2 layer for
U = 3 eV and (d) U=4 eV. (e) PDOS in the middle of STO for U=3 eV and
(f) U=4 eV. The solid black line is the Fermi energy and the dashed black
lines i the panel (a) and (b) represent the band edge of oxygen p orbital in
the middle of GTO. The energy difference between the dashed black line and
dotted black ine (center of gap between lower and upper Hubbard bands) is
defined as ∆pd. In panel (e) and (f) the Epol is defined as the energy difference
of oxygen band edge of GTO and STO region.
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3.8 Band alignment and metal-insulator transition
In the polar catastrophe scenario of LAO/STO interfaces, a MIT occurs as the
number of LAO layers increases [Thiel et al. (2006)]. The MIT is caused by a change
in the band alignment of the STO conduction band driven by an increase in the
electrostatic potential proportional to the LAO thickness [Nakagawa et al. (2006); Son
et al. (2009); Millis and Schlom (2010); Chen et al. (2010)]. Similarly we can think
of the metal insulator transitions of n > 1 superlattices in terms of band alignments
between the filled lower Hubbard band of GTO and the low-lying conduction band
of STO. Fig. 3.13 shows the PDOS of oxygen p and Ti d orbitals in the bulk-like
GTO region, at the interface, and bulk-like STO region. For the insulating interface,
we can see that the lower Hubbard band of GTO in the bulk-like region lies slightly
lower than the band bottom of conduction band in the bulk-like STO region. On
the other hand, for metallic interfaces, the conduction band of the bulk-like STO
region overlaps the occupied lower Hubbard band of the bulk-like GTO region. The
band overlap is determined by four factors: the band gap in the GTO region ∆g, ∆pd
defined as the energy difference between oxygen p bands and the middle of upper and
lower Hubbard bands, ∆STO denoting the band gap of STO, and Epol defined as the
energy shift in the top of oxygen p bands between GTO and STO region. We note
that the energy shift Epol arises from the dipole formed between GTO and STO. In
the insulating phase, the energy shift is Ed/2 ∼ 2πe2n2Dd/ε where E is electric field
between interface TiO2 and adjacent GdO layer, d is Ti-Ti distance, ε is a dielectric
constant, and n2D is the sheet charge density of half electron per in-plane unit cell. In
the metallic phase, electrons are delocalized over several layers of the STO region so
the electric charge is farther from the interface and a larger dipole moment is expected.





dzE(z) where L the distance from the GdO layer next
to the interface to the TiO2 plane at the center of STO. The estimated energy shift
for insulating superlattice with four STO layers is about 155 meV by substituting the
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sheet charge density of 0.5 electron per in-plane unit cell and dielectric constant 75
[Park and Millis (2013)] and 388 meV for metallic superlattice by assuming uniformly
distributed electron gas (as in Fig. 3.8). These values are consistent with the energy
shift in Fig. 3.13 which is about 200 meV in the insulating superlattice and 700 meV
for metallic superlattice. The factor of two differences may come from the uncertainty
in the dielectric constant.
Thus, we can write the condition for obtaining an insulating superlattice as follows:
Epol + ∆STO(n) > ∆pd −∆g(U)/2 .
Given that ∆pd and Epol is not sensitive to the value of U and n, we can explain the
that the critical U for MIT increases as the thickness of STO increases since ∆STO
decreases as the number of STO layers n increases due to the confinement effect [Lee
et al. (2013a)], and ∆g is proportional to U . Although we neglect the energy cost
of octahedral distortion and energy gain by localizing electrons, this relation gives
a rough estimation of the ground state of heterostructures between band and Mott
insulator with bulk properties the materials.
3.9 Summary
We investigated the metal-insulator transitions of GTO/STO superlatives using
a first-principles GGA+U method, which is an effective tool for investigating the
structural distortion across the interface and its relation to electron correlations. In
the Hartree-like theories employed here, some form of charge, orbital, or magnetic
ordering is required to stabilize insulating phases in which lattice distortions play an
important role in the ordering. Our crucial finding is that there are two different insu-
lating phases, occurring for ultra-thin (n = 1) and thick (n > 1) STO layers in which




















Thickness decreasing (n >1)
Figure 3.14: Schematic phase diagram of electronic phases as a function of
SrTiO3 layer thickness n and on-site Coulomb repulsion U.
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the charge and orbital ordering is non-trivially coupled to lattice structures shown in
the schematic phase diagram in Fig. 3.14. When there is more than one STO unit cell
(n > 1), we find a MIT from ferromagnetic metal to charge-ordered insulator with
a narrow intermediate regime of charge ordered bad metal phase. The transition is
accompanied by structural transition resulting in sublattice bond disproportionation
where charge ordering is the main driving force for insulating/bad-metallic behavior.
In the case of a single SrO layer (n = 1), yz/xz orbitals on opposite sides of the SrO
layer form bonding and antibonding states; the antibonding states are empty and
the spin-polarized half-filled bonding bands become gapped by orbital ordering. This
transition from ferromagnetic metal to ferromagnetic insulator phase is consistent
with the previous Hartree-Fock calculation [Chen et al. (2013)]. The critical interac-
tion strength required to drive this insulating phase (CO II) is significantly lower than
that needed to drive the insulating phase (CO), since small orbital ordering can open
a gap in the bonding bands due to the instability in the one dimensional dispersion
of yz/xz bands. As on-site Coulomb interaction increases, in the n = 1 case we also
find that there is a structural transition with sublattice change ordering inside the
insulating phase different from n > 1 case. The local inversion symmetry breaking
around Ti atoms is found and it is shown that ferroelectric polarization is possible
with odd number of STO layers.
We present the phase diagram for general (GTO)m/(STO)n and within GGA+U
showing discrepancy between our results and the transport measurement for n = 2
case. The difference cannot be resolved by fine-tuning U since our results show no
qualitative differences between superlattices with n = 2 and n > 2. The experi-
mentally observed insulating phase may be due to the disorders around the interface
which in effect form a dead layer making n = 2 equivalent to n = 1. Another possible
explanation is that the many-body interaction missing in the GGA+U formalism may
be important for the insulating phase for n = 2 case, which requires further investi-
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gation including many-body effects. The dynamical mean field theory [Georges et al.
(1996)] may be applied to study the importance of local temporal dynamics. Inves-
tigating the effect of isovalent substitution of Gd with other rare earth ions and the
effect of epitaxial strain to the ground state properties are also interesting directions
to understand the coupling between lattice structures and electron correlations.
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Appendix A
Electromagnetic Green Function
We introduce the electromagnetic Green function that is a solution of Eq. (2.27)
following the derivation by Bagchi et al. (1979). For s- and p- polarization, the explicit
form of the Green function satisfying proper boundary conditions is presented.
For a s-polarized light, the electric field is perpendicular to the plane of incident
which is assumed to be in the xz plane. Thus, the electric field is only in the y
direction. Assuming E ∝ ŷeiQxEy(z) we can write
−∇× (∇× E) = ∇2E−∇(∇ · E)





























ε0(z)Gyy(z, z1) = δ(z − z1) . (A.3)
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We now claim that the Green function is following form:
Gyy(z, z
′) = β[Θ(z − z′)Uy(z)Vy(z′)
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ε0S − ε0L sin θ
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, (A.9)
and show that it satisfies Eq. (A.3) and proper boundary conditions.
We can see that each of Uy and Vy satisfies the homogeneous wave equation
(Eq. (2.28)). Therefore from Eq. (2.26), we expect that in the limit of z → −∞,
the asymptotic electric field becomes Ey(z) ∝ e−ikz, which is consistent with the ex-
pression of the self-consistent equation in Eq. (2.29). Moreover, the continuity in Uy
and Vy across the z = 0 ensures that the Ey is continuous across the interface. The
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The first term corresponds to the propagation of the wave from z′ to z and the second
term is the wave reflected at the interface and propagated back to the position z. For







In this case, the Green function the wave propagate from the interface which is
proportional to the left-moving wave from z′ and previously reached wave which
now reflected back to z′.
Similar to the argument for s-polarized light, we can write differential equations
for the Green function in p-polarized light case where electric field is in xz plane. The
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The solution of the coupled equation is given as
Gij(z, z
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Ux(z) =
{
eiqz − r0pe−iqz z < 0
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As in the case of s-polarized light, each set of {Ux, Uz} and {Vx, Vz} is the solution of
Eq. (2.28), the homogeneous wave equation. Thus, the Green function also satisfies
the asymptotic boundary condition of electric field (Ex ∝ Vx ∼ e−iqz, Ez ∝ Vz ∼
(Q/q)e−iqz) in the limit of z → −∞. In Eq. (A.13), there is one addition term for












′) = 0 , (A.20)
and Similar to the Gyy in s-polarized light, we can write the Green function Gxx for
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which can be interpreted as the same way as the s-polarization case. For Gzz(z − z′)
















δ(z − z′) . (A.23)
The delta function emerging in Gzz accounts for the discontinuity in the electric
field due to the current in the z direction. We can eliminate the discontinuity by
introducing the displacement Dz that is continuous across the interface.




We introduce an anisotropic dielectric tensor ε̄‖ and ε̄zz as an alternative description
of the optical responses. The formulae are obtained by comparing the obtained ex-
pression of reflectivity (Eqs. (2.33) and (2.39)) to the general expression of reflectivity
in anisotropic media.
The reflectivity of s- and p- polarized light for anisotropic materials with cubic
symmetry are given by [Barker and Ilegems (1973)]
rs =
√
ε0L cos θ +
√
ε̄‖ − ε0L sin2 θ
√
ε0L cos θ −
√












(ε̄zz − ε0L sin2 θ)/(ε̄zz ε̄‖)
, (B.1)
where ε̄‖(ω) and ε̄zz(ω) are anisotropic dielectric tensors for fields parallel and perpen-
dicular to the interface, respectively. By the comparison with Eqs. (2.33) and (2.39),




Fig. 4 shows the real and imaginary part of e↵ective local dielectric constant contributed from
interface electrons. We note that for ✏̄yy contribution from the non-local dielectric tensor
changes its character across !S due to the sign change in the real part of ✏
0
S   ✏0L sin2 ✓. In
the case of ✏̄zz, the real part of hh ✏ 1zz ii contributes to the imaginary part of ✏̄zz and vice
versa since most of contribution is in the region !   !S where
p
✏0S   ✏0L sin2 ✓ is mostly
real.
Re[✏̄yy] Re[✏̄zz]
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FIG. 4: (color online) (a) Imaginary part of inverse dielectric tensor for set of polar discontinuities.
(b) Peak positions in ellipsometry spectra compared with peaks positions in inverse dielectric
tensor. The dashed line represents the linear fit showing the scaling of the peak positions.
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Fig. 4 shows the real and imaginary part of e↵ective local dielectric constant contributed from
interface electrons. We note that for ✏̄yy contribution from the non-local dielectric tensor
changes its character across !S due to the sign change in the real part of ✏
0
S   ✏0L sin2 ✓. In
the case of ✏̄zz, the real part of hh ✏ 1zz ii contributes to the imaginary part of ✏̄zz and vice
versa since most of contribution is in the region !   !S where
p
✏0S   ✏0L sin2 ✓ is mostly
real.
Re[✏̄yy] Re[✏̄zz] Im[✏̄yy] Im[✏̄zz]
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FIG. 4: (color online) (a) Imaginary part of inverse dielectric tensor for set of polar discontinuities.
(b) Peak positions in ellipsometry spectra compared with peaks positions in inverse dielectric
tensor. The dashed line represents the linear fit showing the scaling of the peak positions.
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Friday, February 22, 13
Figure B.1: Effective anisotropic dielectric constant for n0 = 0.3. (a) The
real part and (b) imaginary part of anisotropic dielectric tensor compared
with bare STO dielectric constant. Inset: magnification of the low frequency
region.

























We note that the obtained dielectric constants depend on the incident angle θ. We can
think of ε̄‖ and ε̄zz as an effective dielectric tensor which generates the same reflectivity
as is given by our full calculation. Up to the first order of ωd/c, Eqs. (B.2) take the
simple form,
ε̄‖ ' ε0S − 2ikd〈〈∆ε‖〉〉
ε̄zz ' ε0S + 2ikd(ε0S)2〈〈∆ε−1zz 〉〉 .
Fig. B.1 shows the real and imaginary part of the effective dielectric tensor for n0 =
0.3 with incident angle 75◦ compared with bare dielectric constant of STO. We can see
the significant change in both the real and imaginary part contributed from the out-
of-plane dielectric tensor around plasmon peak (∼ 0.25eV ). The in-plane dielectric
tensor mostly contributes to the imaginary part of the dielectric tensor. In addition
to the overall increases in the imaginary part of in-plane dielectric constant there is a
dip near the ωpe that is due to the rapid change in kd around LO phonon frequency
of STO. The obtained dielectric tensor provides an alternative way to interpret the
reflectivity obtained in Sec. 2.2 (c).
